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The human erythrocyte is an unusually durable cell, surviving 
thousands of passages through the circulation during its 120 
day life. The basis for the resilience of the cell is the 
mechanical properties of the plasma membrane, since the usual 
cytoplasmic structural proteins and organelles are lost 
during differentiation (For review, see Bennett, 1985). The 
mammalian red blood cell (rbc) affords a simple, 
experimentally accessible and useful membrane! system for the 
study of many biological and biochemical processes which 
involve membranes. Normal human rbcs have a typical biconcave 
disc shape and are called discocytes. Human erythrocyte 
membrane is a composite of two structural units viz. membrane 
cytoskeleton and membrane bilayer both of which are 
responsible for maintaining the shape and structural 
integrity of the mature erythrocytes (Elgsaeter et al . , 
1986). While the membrane bilayer is comprised of lipids and 
integral membrane proteins, the cytoskeleton is a reticulate 
type of structure formed from three major proteins (spectrin, 
actin and polypeptide 4.1) and several minor peripheral 
membrane proteins and is associated with the cytoplasmic face 
of the membrane bilayer through protein - protein as well as 
protein - phospholipid interactions (Bennett, 1985). Fig.1 
gives a model of the structure of the rbc membrane (Low, 
1986). The plasma membrane of the rbc behaves like a 
Fig.1 
Cross-sectional sketch of the human erythrocyte membrane. 
The possible disposition of band 3 relative to other major 
membrane components is shown. 

semisolid with elastic properties which are not restricted by 
intracellular cytoskeletal network of protein's but are mostly 
attributed to the matrix of membrane proteins (Kirkpatrick, 
1976). The network of peripheral proteins of the 
cytoskeleton controls cell shape and provides the mechanical 
strength necessary to prevent rupture of the cell by the high 
shear forces experienced in blood capillaries (Clague et al., 
1989). The membrane bilayer - skeleton association also 
controls the lateral mobility of the integral membrane 
proteins (Sheetz, 1983). Besides, this association has been 
considered as the major factor in maintaining the as/mmetric 
phospholipid distribution across the erythrocyte membrane 
bilayer (Haest, 1982). 
Erythrocyte membrane phospholipids are asymmetrically 
distributed in the two halves of the membrane bilayer. The 
choline containing phospholipids (phosphatidyl choline and 
sphingomyelin) are present mainly in the outer monolayer 
whereas the aminophospholipids (phosphatidyl ethanolamine and 
particularly phosphatidyl serine) are localised almost 
exclusively in the inner monolayer (Op den Kamp, 1979). This 
typical transbilayer asymmetry is disturbed in erythrocytes 
with defective membrane skeleton (Lubin et al . , 1981; Kumar 
and Gupta, 1983). For instance,in sickle cell erythrocytes, 
increased amounts of phosphatidyl ethanolamine and 
phosphatidyl serine become accessible to membrane impermeant 
phospholipid localising reagents (Lubin et a1.,1981) which is 
most likely the consequence of enhanced transbilayer mobility 
of phospholipids (Franck et al., 1983). Franck et al. (1985) 
found that the destabi1isation of the lipid bilayer is 
confined to those areas of the membrane which form part of 
the extremities protruding from the sickled cells. The 
•\ ocaT i sat i on of phosphatidyl serine within the inner 
monolayer of the red cell membrane is maintained both by an 
ATP-dependent translocation process and its interaction with 
the membrane skeleton (Middlekoop et al,, 1988). An 
alteration in transbilayer distribution of the amino-
phospholipids in diamide - treated erythrocytes occurs only 
when the chemical modification of the membrane is accompanied 
by complete loss of cellular ATP (Middlekoop et al., 1989). 
The polypeptides of the human rbc membrane have been 
analysed and characterised quite thoroughly (Fairbanks et 
al ., 1971). The human ghosts prepared according to Dodge et 
al . (1963) contain about 50% protein, 43% lipid and 7% 
carbohydrate. The rbc membrane contains at least 20 
different polypeptide chains held together and to membrane 
lipids by ionic, dipole and hydrophobic forces. Fairbanks et 
al. (1971) identified and numbered the major membrane 
polypeptides on the basis of their mobility on SDS-PAGE. The 
polypeptides corresponding to spectrin (bands 1 and 2), 
ankyrin (bands 2.1, 2.2 and 2.3), bands 4.1, 4.2, 4.9, actin 
(band 5), band 6 and some other trace polypeptides are 
confined to the cytoplasmic surface and are extrinsic. The 
polypeptides corresponding to band 3, PAS-1, PAS-2 and other 
minor glycoproteins are transmembrane in nature and are 
embedded in the lipid bilayer. 
Spectrin (Bands 1 and 2): Spectrin (10 tetramers/cel1) is 
the major protein of the membrane skeleton. The spectrin 
network in combination with other proteins comprises the 
erythrocyte skeleton which seems to maintain the mechanical 
stability of the membrane and to control cell shape and 
deformabi1ity (Marchesi, 1979; Mohandas et al . , 1983). The 
spectrin molecule is very flexible and contains two 
antiparallei, non-identical subunits of Mr 240,000 (alpha) 
and Mr 220,000 (beta) respectively (Shotton et al., 
1979). The two subunits are intertwisted and appear as 100 nm 
long and 2.5 nm wide rods in electron microscopy (Shotton et 
al . , 1979). It is believed that spectrin heterodimers undergo 
end to end association with little or no overlap to form 
tetramers of 200 nm length. It has been proposed that in the 
tetramer each alpha chain is associated with a beta chain, so 
that no alpha-alpha or beta-beta contacts occur (Calvert et 
al., 1980a,- Tyler et al . , 1980). The terminal region of the 
alpha chain with a Mr of 8000 appears to be involved in the 
linkage (Morrow et al., 1979). The tetramer is most likely 
the major form of spectrin in situ (Ungewickell and Gratzer, 
1978) and it has been proposed that higher oligomers of 
spectrin such as hexamers, octamers, etc. may also be present 
in membranes and account for the organisation of spectrin 
into an intricate meshwork (Liu et al., 1984), Brief 
extraction of rbc membrane at 37° with low ionic strength 
solutions liberates spectrin in the form of dimers (Gratzer 
and Beaven, 1975; Kam et al . , 1977). However, prolonged 
dialysis of the ghosts in the cold gives rise to spectrin 
mainly in the tetrameric form (Ralston, 1975). The tetramer 
extracted in low ionic strength in cold dissociates 
irreversibly to dimer when incubated at 37° (Ralston et al., 
1977). At low temperature either form can be kinetically 
trapped (Ungewickell and Gratzer, 1978). The conformations of 
the dimer and tetramer of spectrin appear to be very similar 
with both forms having a high apparent alpha-helical content. 
From visible ORD measurements both oligomers seem to contain 
approximately 605K alpha-helix (Ralston and Dunbar, 1979). 
On the basis of the CD el 1ipticities at 222 nm, the apparent 
helical content is considerably higher. The dimeric and 
tetrameric forms of spectrin have been studied in free 
solution by a variety of techniques such as light, neutron 
and X-ray scattering (Elgsaeter, 1978,- Reich et al . , 1982), 
electrically-induced birefringence relaxation (Mikkelsen and 
Elgsaeter, 1978) and viscometry (Stokke et al., 1985). These 
studies indicate that the spectrin molecule in solution 
possesses considerable internal flexibility which probably 
originates at bridging points between relatively rigid alpha-
helix rich domains which are found as repeat sequences in the 
primary structure. It also shows that at low ionic strength 
the molecule undergoes a slight expansion and an increase in 
its contour length. The rotational diffusion studies by 
Learmonth et al. (1989) show that spectrin behaves neither as 
a rigid rod nor as a compact globular protein. In addition to 
the axial rotation of the ribbon like spectrin molecule, 
faster motions such as intramolecular bending and torsional 
distortions are also observed suggesting internal flexibility 
of the spectrin dimer. 
Calorimetric experiments on human erythrocyte membranes 
have shown that these membranes display four well defined 
structural transitions over the temperature range 45-80° 
(Jackson et al . , 1973). Only two among these are due to 
simple protein unfolding processes (Brandts et al., 1977). One 
of these denaturation transitions can be removed from the 
membrane by exposure to low salt, so it seems that it is due 
to partial unfolding of the spectrin complex. These results 
are consistent with the idea that the spectrin molecule 
contains two or more structurally independent regions and 
only one of these "melts out" or gets disorganised during the 
A transition. It is seen that spectrin is a participant in 
the A transition, bands 2.1, 4.1 and 4.2 and the cytoplasmic 
domain of band 3 are involved in the B transition and the 
transmembrane portion of band 3 may undergo changes in the C 
transition (Lysko et al., 1981). 
The alpha-beta spectrin dimers undergo a heat—induced 
dissociation into monomers at 49-50° followed by eventual 
aggregation of the irreversibly denatured beta subunits 
(Yoshino and Minari, 1987). At this temperature striking 
morphological changes occur in the normal erythrocytes 
indicating a role of spectrin in the maintenance of shape and 
rigidity of the rbc (Hanss and Koutsouris, 1984). 
Dissociation of spectrin dimer leads to the fragmentation of 
cytoskeleton and hemolysis (Liu and Palek, 1980). Liu et al. 
(1981) established a direct relationship between skeletal 
stability and percentage of spectrin dimers. In diseases like 
hereditary pyropoikilocytosis (a severe anemia) there are 
abnormalities reported in the chemical and physical 
properties of spectrin which include decreased extractabi1ity 
and altered endogenous phosphorylation (Wiley and Gill, 
1976), increase susceptibility to thermal denaturation (Chang 
et al., 1979) and increased propensity of spectrin to 
crosslinking (Palek et al . , 1981). Heating of human rbc at 
50° alters the membrane protein composition mainly due to the 
strong association between membrane skeletal and cytosolic 
proteins (Gudi et al.,1990). There is a decrease in spectrin 
extractabi1ity and partial unfolding of the spectrin 
molecules. In contrast to the findings of Yoshino and Minari 
(1987),there was no dissociation of spectrin dimers into 
monomers when intact rbcs are heated. This may be due to the 
fact that spectrin in an isolated sample experiences much 
greater stress than in the intact cells. The involvement of 
spectrin thiol groups in maintaining membrane resistance to 
thermal damage and in controlling self association of dimers 
was suggested by Smith and Palek (1983) and direct evidence 
for this was given by Streichman et al. (1988). 
Ankyrin (Bands 2.1, 2.2 and 2.3): Ankyrin is a monomeric 
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phosphoprotein of Mr 215,000 that is present in about 10 
copies per human rbc (Bennett, 1979). Ankyrin has been 
purified from high salt extracts of inverted vesicles (Tyler 
et al . , 1979) and from detergent extracted cytoskeletons 
(Bennett and Stenbuck, 1980a). It is an extrinsic protein of 
the rbc membrane which links the cytoskeletal network to the 
membrane by forming a bridge between beta chain of spectrin 
and the cytoplasmic domain of transmembrane anion channel 
protein band 3 (Tyler et al.^  1980). Ankyrin makes up some 5% 
of the total membrane protein and is present as a progression 
of components, derived from the gene product of highest Mr 
(approximately 215,000) by proteolysis in situ (Luna et al . , 
1979) and/or different messenger splicing combinations (Hall 
and Bennett, 1987). Ankyrin is exceptionally sensitive to 
proteolysis being readily cleaved by endogenous or exogenous 
JO 
proteases (Jinbu et al., 1984; Shields et al., 1987) into 
spectrin binding and band 3 binding fragments (Hal! and 
Bennett, 1987). It is a hydrophobic protein, highly prone to 
adsorption and aggregation. Ankyrin has been extensively 
studied by Pinder et al. (1989). 
The affinity of ankyrin for band 3 is controlled by a 
conformational equilibrium in cytoplasmic domain involving a 
bending motion around a central hinge (Thevenin and Low, 
1988). Studies by Willardson et al. (1989) indicate that 
multiple sites of association contribute to the high affinity 
of ankyrin for band 3 cytoplasmic domain. The nature of the 
interaction between ankyrin and the amino terminus of the 
cytoplasmic domain of band 3 may be predominantly ionic. The 
amino terminus of cytoplasmic domain of band 3 is highly 
acidic while the band 3 binding domain of ankyrin is basic 
(Wall in et al . , 1984). It has furthermore been shown that 
ankyrin can be stripped from band 3 by washing at high ionic 
strength (Tyler et al . , 1979; Bennett and Stenbuck, 1980b) 
and that the stability of the band 3-ankyrin complex is 
unperturbed by nonionic detergents (Sheetz, 1979). 
Aberrations in the binding of spectrin-ankyrin-band 3 results 
in altered cell morphology and stability (Agre et al., 1981). 
Partial proteolysis of ankyrin or competitive displacement of 
ankyrin with the isolated cytoplasmic domain of band 3 
results in loss of ATP-dependent cell shape changes (Carter 
]] 
and Fairbanks, 1984). 
Band 3: It is an intrinsic and most abundant protein (Mr 
95,000) in the red cell membrane (25% of total membrane 
protein, 1.2 x 10^ copies per cell) (Fairbanks et al., 1971). 
It is one of the best characterised proteins of the human rbc 
because of the ease of purification and its relative 
abundance and is arguably the best understood mammalian 
transport system. The complete amino acid sequence of the 
human erythrocyte anion transport protein has been deduced 
from the cDNA sequence (Tanner et al . , 1988). The predicted 
amino acid sequence of the human band 3 contains 911 amino 
acids slightly fewer than the 929 amino acids predicted for 
the mouse protein (Kopito and Lodish, 1985). The protein can 
be roughly divided into 2 domains - a membrane bound, carboxy 
terminal domain of Mr 52,000 and an amino terminal 
cytoplasmic domain of Mr 43,000 (Steck et al., 1976; Steck et 
al., 1978; Fukuda et al., 1979). In addition it has a single 
branched carbohydrate chain of an average of 30 sugar 
residues having a Mr of 5,500 (Fukuda et al . , 1984a, Fukuda 
et al., 1984b). The carbohydrate chain is located on an 
asparagine side chain of an exposed region of the protein, 
which extends 40-50°A above the external lipid surface of the 
membrane (Weinstein et al . , 1980). The cytoplasmic domain is 
water soluble and is not involved in the transport function 
of band 3 (Lepke and Passow, 1976; Grinstein et al., 1978). 
\y 
The cytoplasmic domain of band 3 is responsible for two 
important functions. The amino terminal portion of this 
domain binds several glycolytic enzymes (Yu and Steck, 1975a) 
as well as hemoglobin (Shaklai et al., 1977a). The binding of 
hemoglobin to band 3 is reversible and electrostatic in 
nature (Shaklai et al., 1977b). The cytoplasmic domain also 
possesses binding sites for band 4.2 (Yu and Steck, 1975b) 
and ankyrin which in turn interact with spectrin and thus 
aids in anchoring the cytoskeleton to the membrane 
(Hargreaves et al., 1980). The membrane associated domain 
facilitates the 1:1 exchange of chloride for bicarbonate 
across the erythrocyte membrane. This rapid exchange allows 
the rbc to function as a carrier of the bicarbonate derived 
from respiratory CO2 from the tissues to the lungs. Band 3 
protein is also believed to facilitate the movement of water 
across the rbc membrane (Benz et al . , 1984). Band 3 carries 
antigenic determinants important for blood group specificity 
in addition to acting as a carrier of the A, B and 0 blood 
group antigens (Childs et al . , 1978; Krusius et al . , 1978), 
the protein also carries the Rh factor (Victoria et al., 
1981). Furthermore, band 3 is thought to be the senescent 
cell antigen recognized by autologous antibodies directed 
against aged or abnormal cells (Lutz, 1981; Kay et al . , 1983; 
Low et al., 1985). Although the bulk of band 3 has the 
ability to bind ankyrin, only 15^ of total band 3 monomer is 
13 
associated with ankyrin in the native membranes (Bennett and 
Stenbuck, 1979). Ueno et al. (1987) suggested that a dynamic 
exchange of free band 3 for ankyrin-1 inked band 3 may occur 
in intact erythrocytes and this may even contribute to the 
shape change of rbc. In chronic myelogenous leukemia, the 
erythrocytes show a significant reduction in the number of 
ankyrin binding sites, present in the cytoplasmic domain of 
band 3 and this may lead to partial loss of cytoskeletal 
anchorage to the bilayer and account for their increased Con-
A agglutinabi1ity and heat sensitivity (Basu et al . , 1988). 
The anion transport activities are, however, comparable with 
normal erythrocytes (Kundu et al., 1989). 
Band 4.1: The polypeptide corresponding to band 4.1 is 
globular in shape with a diameter of 6 nm and has a Mr of 
78,000 (Tyler et al., 1979). Band 4.1 has been purified from 
high salt extracts of inverted vesicles (Tyler et al., 1979) 
and is a monomer in solution (Ohanian and Gratzer, 1984). It 
participates in the interaction of spectrin with actin (Wolfe 
et al . , 1980) and binds to spectrin at the free end of dimer 
- dimer complex (Tyler et al., 1979). It also interacts 
directly with actin and severs F-actin in vitro (Pinder et 
al., 1984). A membrane binding site is also located on 
polypeptide 4.1. Structural analysis of band 4.1 indicates 
that this protein has an acidic domain of Mr 48,000 and a 
basic region of Mr 40,000 that contains the spectrin binding 
14 
domain (Leto and Marchesi, 1984). Band 4.1 is phosphorylated 
by a cyclic AMP-dependent protein kinase at sites in the 
acidic region and by a phorbol ester-activated protein kinase 
(Ling and Sapirstein, 1984). In addition to promoting the 
tight association of spectrin with actin (Cohen, 1983; 
Bennett, 1985), band 4.1 also serves to anchor the skeleton 
to the membrane via its association with glycophorin 
(Anderson and Lovrien, 1984), band 3 (Pasternack et al . , 
1985) and lipids (Cohen et al. , 1988). The association of 
band 4,1 with the rbc membrane can be modulated in vitro by 
changes in the level of band 4.1 phosphorylation (Danilov et 
al . , 1990). Human erythrocyte protein 4.1 can be resolved 
into two polypeptides on SDS- PAGE that have been designated 
as 4.1a and b (Mueller and Morrison, 1977) which differ by a 
fragment of Mr 2000 in the carboxy terminal region (Leto and 
Marchesi, 1984). It appears that 4.1a is produced by post 
translational modification of 4.1b since young red cells 
contain 4.1b predominantly while 4.1a is the major form in 
old cells (Sauberman et al., 1979). Indeed the 4.la/4.lb 
ratio may be a useful index of red cell age (Mueller et al., 
1987). 
Band 4.2: This polypeptide accounts for approximately 5% of 
the total membrane protein mass (Steck, 1974). Band 4.2 has a 
Mr of 72,000 but apparently exists in oligomeric form 
(tetramers and low oligomers) both in the membrane (Steck, 
15 
1972) and in solution (Korsgren and Cohen, 1986). Band 4.2 
associates with the cytoplasmic domain of band 3 (Korsgren 
and Cohen, 1986) and complexes of band 4.2, band 3 and 
ankyrin have been isolated from Triton X-100 extracts of red 
cell ghosts (Bennett and Stenbuck, 1979). A case of hemolytic 
anemia has been described (Schwartz et al . , 1986) in which 
patient's rbcs lack band 4.2 completely and were 
significantly less deformable and more easily fragmented than 
the normal rbcs suggesting that band 4.2 exerts an important 
stabilising influence on the red cell membrane. Band 4.2 can 
form multiple associations with membrane and membrane 
skeletal proteins (purified cytoplasmic domain of band 3, 
purified ankyrin and band 4.1) and may serve an as yet 
unrecognised role in membrane organisation (Korsgren and 
Cohen, 1988). 
Band 4.9: A further putative component of membrane skeleton 
is band 4.9 with a Mr of 48,000. Liu and Palek (1979) have 
reported it's in situ association with band 2 of spectrin. 
Band 4.9 is a trimeric actin bundling protein (Siege! and 
Branton, 1985). Immunoreactive forms of erythrocyte protein 
4.9 are present in mammalian, avian, piscine and amphibian 
erythrocytes (Faquin et al., 1988). 
Actin (Band 5): Erythrocyte actin was first discovered by 
Ohnishi (1962) Band 5 has a Mr of 43,000 and forms short 
oligomers containing about ten molecules organised in 
filamentous form (Brenner and Korn, 1980). Short actin 
filaments have been visualised in erythrocyte membrane 
skeletons by electron microscopy. It is thought to exist as 
oligomers of 12-17 subunits (Pinder and Gratzer, 1983). Each 
spectrin tetramer has two actin binding sites at the free 
end. Actin plays a major role in rbc shape change. The 
stability of actin oligomers is attributed to the presence of 
accessory actin binding proteins like band 4.9 which binds to 
actin and may fragment or bundle actin filaments (Siegel and 
Branton, 1982). Tropomyosin has also been discovered in 
erythrocyte membrane and the association of this protein 
could stabilise short filaments or regulate association of 
actin with proteins such as spectrin or band 4.9. 
Band 6: This is a monomer of glyceraldehyde 3-phosphate 
dehydrogenase. This enzyme is a tetramer of Mr 35,000 
subunits which binds to spectrin - actin complex and to band 
3 (Yeltman and Harris, 1980; Murthy et al . , 1981). It binds 
loosely to the membrane and can be readily eluted with high 
ionic strength solution (Fairbanks et al., 1971). It is 
interesting to observe that band 6 is absent in rbc membrane 
prepared under isoionic conditions (Billah et al., 1976). The 
observation supports the suggestion that the presence of band 
6 in hypoionic ghosts is an artifact arising from specific 
adsorption of this cytoplasmic component under low ionic 
strength conditions. 
17 
The binding of band 6 to the cytoplasmic domain of 
human erythrocyte glucose transporter protein was studied by 
Lachaal et al. (1990). This study suggests that a significant 
portion of the enzyme may exist in association with the 
glucose transporter in vivo. This association requires an 
intact cytoplasmic domain and is stimulated by ATP. However, 
the activity of glyceraldehyde 3-phosphate dehydrogenase is 
inhibited by this association. This association could be a 
regulatory intervention on nucleotide metabolism in vitro. 
Glycoproteins: In addition to polypeptides discussed above, 
there are a number of glycopeptides present embedded in the 
lipid bilayer of rbc membrane. They are glycoproteins 
designated as PAS-1, PAS-2, PAS-3 and PAS-4 (Fairbanks et 
al., 1971). Among PAS-positive polypeptides, glycophorin A is 
the major protein and constitutes about 75* of tha total 
sialoglycopeptides of the membrane (Furthmayr et al . , 1975). 
This transmembrane protein is also thought to be an 
attachment site for the skeletal protein network to the 
membrane bilayer via the skeletal protein band 4.1 (Anderson 
and Lovrien, 1984; Bennett, 1985). The biochemistry and roles 
of glycophorin A have been summarised by Tayyab and Qasim 
(1988). Alterations in the physical state of glycophorin have 
been studied by Wyse and Butterfield (1989). Arvinte et al. 
(1989) have investigated the association of glycophorin with 
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t h e membranes o f i n t a c t rbc a t low pH. A f t e r a s h o r t t ime 
i n c u b a t i o n a t low pH ( 1 - 2 min., pH lower t han 5, 3 7 ° ) , a ve ry 
t i g h t a s s o c i a t i o n w i t h t h e membrane i s s e e n . 
I m m u n o f l u o r e s c e n c e , f l o w c y t o m e t r y and i m m u n o e 1 e c t r o n 
m ic roscopy o b s e r v a t i o n s show t h a t a f t e r t h e low pH t r e a t m e n t , 
g l y c o p h o r i n m o l e c u l e s m a i n t a i n t h e exposure o f f u n c t i o n a l 
e p i t o p e s , b e i n g r e c o g n i s e d by c o r r e s p o n d i n g m o n o c l o n a l 
a n t i bod i e s . 
NON-HUMINOID RBC -
Compared to the detailed information available on human rbc, 
that on non-huminoid rbc is limited. There, however, seems 
to exist considerable similarity in the properties of 
erythrocytes from all vertebrates which attests the 
generality and importance of this cell. Many mammalian rbcs, 
however, show striking variations in structure and physiology 
from the human rbcs. 
Considerable differences occur in the size and shape of 
rbcs derived from various mammals. Goat and sheep rbcs are 
smaller than the human rbcs and are triangular or irregular 
in shape (Jain et al . , 1980). The goat rbc has a mean 
diameter about 2/3 that of sheep and about 1/2 that of human 
and is quite variable in shape (Schalm et al., 1975). Bovine 
erythrocytes are discoidal in shape like the human, while 
chicken rbcs are ellipsoidal and nucleated (Majumdar and 
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Baker, 1980). Camel rbcs appear as rather flattened 
ellipsoids approximately 7 urn long, 4 um wide and between 1 
and 2 um thick (Ralston, 1975). The shape of camel rbc is 
very stable and is retained even after 4 weeks of storage in 
the absence of added metabolizable substrates. The cells are 
stable to heating at 60° for ten minutes and the treatment is 
without effect on cell shape (Ralston, 1975). 
Examination of several samples of rbc membrane from 
different animal species prepared under different 
experimental conditions by Kobylka et al. (1972) showed that 
the biconcave human erythrocyte membranes are the most stable 
under all isolation conditions. Cow rbc membranes tend to 
crenate badly in the phosphate preparation. Dog and cat 
membranes are particularly susceptible to fragmentation in 
Tris but are round in phosphate and Ca - veronal buffer 
(Kobylka et al., 1972). Camel ghosts have a very special 
shape and appear as flat, elliptical plates which have 
roughly the same length and width as the whole cells but in 
which the upper and lower surfaces appear to have collapsed 
together resulting in a negligible thickness (Ralston, 1975). 
The shape of these membranes is also very stable. 
Goat, sheep and cow rbcs are rich in sphingomyelin,which 
amounts to 40-50% of the total phospholipids^ as compared to 
human erythrocytes (Op den Kamp, 1979). They contain about 
30% phosphatidyl serine, 6% phosphatidic acid and 5% 
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phosphatidyl inositol (White, 1973), Goat, sheep and cow rbcs 
have very little or no phosphatidyl choline which constitutes 
about 30% of the total phospholipid in the human rbc 
(Nelson, 1967). Phosphatidyl serine is found to be lacking in 
chicken rbc (Kleinig et al., 1971). 
Goat and cow rbcs are resistant to calcium-phosphate 
-induced fusion (Farooqui et al . , 1987) although they have 
almost the same degree of membrane deformabi1ity as compared 
to human erythrocyte. On the other hand, chicken rbcs which 
show 40% reduced membrane deformabi1ity as compared to human 
erythrocytes fuse readily. Thus it appears that membrane 
deformabi 1 i ty and cell shape of erythrocytes may not be 
the determining factors for the calcium - phosphate-induced 
fusion. Phosphatidyl choline can be incorporated in bovine 
erythrocytes and fusion induced but goat cells resist this 
kind of incorporation. This indicates the significance of 
phosphatidyl choline in cell fusion (Farooqui et al., 1987). 
Erythrocyte membrane polypeptides: Polypeptide composition of 
erythrocyte membrane of pig, sheep, rat, dog and human shows 
remarkable similarity (Lenard, 1970b) and it is seen that the 
prominent molecular weight classes of red cell membrane 
proteins are found in all species examined. Among the 
prominent bands which appear to be species specific are the 
sheep band of Mr 160,000, the pig band of Mr 53,000 and the 
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rat band of Mr 62,000 (Lenard, 1970b). A common group of 
polypeptides (at least 9) with similar individual molecular 
weights have been demonstrated in erythrocyte membrane of 
pig, cow, cat, dog and human (Kobylka et al., 1972). A major 
problem which has led to the observation of variation in the 
distribution of polypeptides by molecular weight can be 
attributed to the effects of variations in the membrane 
preparative procedures (Kobylka et al., 1972). 
The protein pattern from camel rbc ghosts is similar to 
those of human and bovine ghosts (Ralston, 1975). However, 
minor bands between spectrin and band 3 show wide variations 
between the 3 species examined. Three prominent bands that 
are present in the bovine preparation are absent in camel and 
human ghosts. Perhaps the most significant difference 
between camel and other species lies in band 3. In the 
camel, this protein has a markedly lower mobility than human 
and bovine band 3 suggesting that in the camel this protein 
has a higher molecular weight or different carbohydrate 
composition from other species. 
The glycoprotein composition of rbc membrane derived 
from various animal species has also been compared (Lenard, 
1970b). Among the various species studied,the glycoprotein 
composition appears to differ more markedly than the membrane-
polypeptides. A major glycoprotein band of Mr 108,000 
previously reported in human rbc membrane (Lenard, 1970a) was 
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seen in all species examined and in addition, a second major 
glycoprotein component of lower molecular weight was visible 
in sheep (Mr 50,000) and dog membranes (Mr 60,000) (Lenard 
1970b). The glycoproteins of camel (Ralston, 1975) are of 
higher mobility than those of human and cow's. The major 
glycoprotein of the camel ghosts PAS-4, has a Mr of 28,000. 
The camel PAS-2 corresponds with human protein component 3 
with a Mr of 89,000 (Fairbanks et al., 1971). The minor camel 
glycoproteins PAS-1 and PAS-3 have an apparent Mr of 
approximately 140,000 and 46,000 respectively. 
Immunofluorescence studies demonstrated the presence of 
spectrin on the external surface of guinea pig erythrocytes 
(Marchesi and Steers, 1968). Scanning electron microscope 
studies of human rbc, however, established an exclusive 
cytoplasmic localisation for the molecule (Hainfield and 
Steck, 1977). Several reports have suggested, however, that 
substantial variability may exist in the membrane 
organisation of spectrin from different species of 
erythrocytes. Extraction of spectrin from camel and llama 
erythrocytes and human hereditary spherocytic erythrocytes 
(Ralston, 1975; Smith et al . , 1978) have proven to be more 
difficult implying a tighter binding of certain component of 
the membrane with the spectrin complex. Even after prolonged 
extraction of the camel ghosts and the removal of about half 
of the original spectrin, the ghosts showed no obvious shape 
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change. There was no sign of fragmentation that is seen with 
human ghosts after similar treatment (Marchesi et al . , 1969). 
The ratio of spectrin dimer to tetramer is greater in the 
camel than in the bovine rbc. Except for one mouse strain 
deficient in spectrin (Shohet, 1979), all spectrins examined 
appear immunologically crossreactive and similar in amino 
acid composition (Til lack et al. , 1970). Since spectrin has 
also been found in avian (Rudolph and Greengad, 1974) and 
primitive invertebrate erythrocytes (Pinder et al., 1978), it 
is generally assumed that the molecule fulfills a basic 
structural function in the erythrocyte membrane. The 
observation of Prokopchuk and Sargent (1980) supports the 
contention that spectrin or antigenic determinants 
crossreactive with spectrin are detectable on the external 
surface of erythrocytes from various vertebrate species 
(sheep, rabbit, horse, cow, pig, goat, cat, snake and frog). 
This property best demonstrated in sheep erythrocytes could 
be interpreted as indicating a transmembranal orientation for 
some component of the spectrin assembly. Spectrin appears 
to be bound to the membrane by several types of associations 
which possibly might be variable among these species. The 
spectrin tetramer from bovine rbc has been well characterised 
with special emphasis on its hydrodynamic and optical 
properties (Ralston, 1976). The molecular weight from both 
sedimentation equilibrium and sedimentation velocity 
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measurements is close to one million. The hydrodynamic data 
suggests a highly expanded but basically symmetrical molecule 
of Stokes' radius 200A". 
In vitro aged sheep rbc and its membrane spontaneously 
release vesicles that consist of long protrusions affixed to 
flattened head like structures. Purified vesicles are 
depleted of spectrin but retain integral membrane proteins 
with one of an apparent Mr of 160,000 accounting for nearly 
50% of the total protein (Lutz et al., 1976). This 
glycosylated protein exists as dimers in paired particle 
helices of the protoplasmic face of vesicle protrusions (Lutz 
et al . , 1977). It is suggested to be analogous to the 
glycophorin of the human rbc. Inaba and Maede (1988b) have 
characterised this transmembrane protein from goat rbc and 
established its Mr to be 155,000 (gp 155). Its presence was 
observed in other ruminants like sheep, cow and deer. The gp 
155 forms a complex with band 3 which in turn interacts with 
ankyrin. Both gp 155 and band 3 are transmembrane proteins 
comprising about 10 and 20% of the total membrane protein in 
goat rbc respectively. The implication of the gp 155 - band 3 
complex with the cytoskeleton would be expected to have a 
substantial effect on its lateral mobility in the lipid 
bilayer which controls the membrane stability and fragility 
and may contribute to the unique morphological profile of 
these cells. The multiple passage through the lipid bilayer 
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of gp 155 suggests its involvement in the transport of some 
substrates or as a receptor of some ligands. This could 
possibly be related to the characteristic metabolism of 
ruminant erythrocytes (Inaba and Maede, 1988b). The glycan 
moiety of gp 155 may represent antigenic determinants on the 
extracellular surface of goat rbc. 
The band 3 polypeptide has been the subject of 
considerable study in various mammalian rbcs. Bovine band 3 
appears to be similar in molecular disposition to that of 
human band 3 though it exhibits a slightly higher molecular 
weight (Makino et al . , 1981). Kopito and Lodish (1985) have 
published the entire amino acid and cDNA sequence of murine 
rbc precursor cell. The mouse band 3 is 929 amino acid long. 
The amino acid sequence of the first 201 residues of human 
rbc band 3 was worked out by Kaul et al . (1983). 
Approximately 755^  homology exists between the residues 71 and 
201 in the cytoplasmic domain sequences of mouse and human 
band 3. The strands are also col i near (Kopito and Lodish, 
1985). The variability in band 3 protein among different 
species appears to be confined largely to the extreme N-
terminal region (Jay 1983; Kopito and Lodish, 1985). Both 
chicken and rodent band 3 proteins have significantly less 
acidic N-termini and as a consequence do not bind 
glyceraldehyde 3-phosphate dehydrogenase (Jay, 1983; Ballas 
et al., 1985). However, the bovine cytoplasmic domain retains 
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the atjility to bind the enzyme suggesting a closer homology 
with human band 3 (Moriyama et al ., 1985). Consistent with 
the major sequence variability near the N-terminus is the 
observation that the predominant antigenic determinants of 
band 3 are also present in the cytoplasmic region (Low et 
al , , 1984), While antibodies to the cytoplasmic domain of 
human band 3 crossreact with both bovine and murine band 3, 
they do not crossreact with chicken band 3 (Jay, 1983). 
However, England et al. (1980) reported the lack of cross-
reactivity between antihuman band 3 antisera and rbc membranes 
of non-primates including cat, dog, goat, sheep, rat, mouse, 
rabbit and also from duck. Marked crossreactivity was 
observed when monkey rbc membranes were used. In 1989, 
Moriyama et al. examined the immunological crossreactivity 
of rabbit antibodies raised against the cytoplasmic fragment 
(Mr 38,000) of bovine band 3 with human, murine, rat and 
chicken band 3. The antibodies crossreacted with human and 
rodent band 3 indicating antigenic determinants common to 
primate and non-primate species. Earlier observed non-
crossreactivity was attributed to the use of Ouchterlony 
double diffusion which is far less sensitive as compared to 
Western blotting. However, the antibodies did not recognise 
chicken band 3. Position of epitopes were mapped to the 
areas of residues 127-160 and 259-304 in the primary 
structure of human band 3. An epitope absent in human was 
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present in a region having a bovine specific amino acid 
sequence. 
Band 3 protein in the goat rbc has been found to have 
an unusual organisation (Khan at al., 1990). In the 
solubilised state or when associated with membrane, goat band 
3 could not be crosslinked to dimers or higher oligomers 
with-SH oxidizing reagents including diamide, phenylene 
dimaleimide, Cu'*"'"-0-phenanthrol ine and even the crosslinking 
reagent glutaraldehyde. Goat band 3 was found to contain 
fewer-SH groups than its human counterpart. 
Inaba and Maede (1988a) conducted studies on the 
protein 4.la/4.lb ratios of erythrocytes from various 
mammalian species like cow, horse, sheep, goat, pig, rabbit, 
mice, dog, cat and human subjects. In all cases, a close 
relationship between protein 4.1a/4.1b ratio and erythrocyte 
life span was seen except for feline rbc which gave only a 
single band of protein 4.1 on SDS-PAGE. Hence, it is 
suggested that feline erythrocytes may lack the mechanism 
for the alteration of protein 4.1 during erythrocyte aging. 
Calcium-mediated processes: Several Ca'*"'*^ -dependent/mediated 
processes are absent in goat/sheep rbcs. These include the 
deficiency of Ca"*" -sensitive phosphoinositide phospho-
diesterase (Allan and Michel!, 1977) and lack of membrane 
protein phosphorylation in response to Ca "*" and Ca"*"^ -
2B 
ionophore treatment (Raval and Allan, 1985). This effect is 
attributed to the lack of diacyl glycerol lipids in the outer 
layer of membrane. Ca"*"^ -induced transglutaminase-mediated 
crosslinking and proteolysis is also absent in goat 
erythrocyte membrane (Khan and Saleemuddin, 1988). Eaton et 
al . (1977) reported that Ca''"'^ -mediated changes in shape and 
deformabi1ity are not exhibited by sheep erythrocytes. 
Significant work is also available on the calcium pump of 
various mammalian species. Human (Ca"*" -Mg )-ATPase has been 
shown to be activated by calmodulin (CaM) (Larsen and 
Vincenzi, 1979). By inference it is assumed that rbcs of 
other species and cell types utilise CaM in the regulation of 
plasma membrane Ca'*"''" transport (Vincenzi, 1981). However, it 
is also known that certain cells may use Na''"-Ca''"'*' exchange to 
help maintain low cytosolic Ca^'*' (Baker, 1972). It is argued 
that all cells actively transport Ca"*"*" and some may 
additionally utilise Na -Ca"*"*" exchange (Vincenzi and Hinds, 
1976), This condition exists in dog erythrocytes (Ortiz and 
Sjodin, 1984). Parker (1979) showed that dog rbcs extrude Ca"*""*" 
against an electrochemical gradient. Evidence was given to 
support the notion that the dog rbc exhibits Ca'*"''"-dependent 
extrusion of Na"*" presumably through a Na"^  - Ca"*"*" exchanger, a 
phenomena absent in human rbc. The specific activity of dog 
enzyme is significantly less than human and unlike the human 
enzyme, dog (Ca'^ "*"-Mg''""*') - ATPase is not stimulated by 
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exogenously added CaM (Schmidt et a1 . , 1985). Ca''"'*"-ionophore 
-induced ATP depletion studies by Hinds and Vincenzi (1986), 
however, established the presence of CaM-activable Ca -pump 
in dog rbc. 
It is of interest to mention that newborn sheep rbcs 
possess (Ca"'"'*'-Mg''"'*")-ATPase activity and also exhibit Ca"*"*"-
mediated shape changes (Eaton et al., 1978). Hanahan (1973) 
observed in an earlier study the postnatal loss of (Ca 
Mg"^"*" )-ATPase in calf erythrocyte as this animal ages. In 
addition it was seen by Luthra et al. (1976b) that membranes 
obtained by hypotonic lysis of cow erythrocytes exhibited 
very low levels of (Ca'*""^ -Mg''""'")-ATPase activity as compared to 
calf erythrocyte membranes. It was found that the membrane-
free hemolyzate of cow erythrocytes was capable of 
stimulating the (Ca''""''-Mg"'"*')-ATPase of cow, calf, pig and 
human membranes (Luthra et al., 1976b). This suggests lack of 
species specificity of CaM and also indicates that the low 
level of enzyme activity in cow erythrocytes is attributable 
neither to change in specificity nor to a lack of (Ca"^ "*"-
Mg )-ATPas€ activator. A similar low enzyme activity was 
observed in case of adult pig erythrocytes which is an 
inherent property of the whole species. The CaM of pig 
erythrocyte has been purified and studied by Au (1978) and no 
abnormalities have been observed. Comparable (Ca'^ '^ '-Mg'*"'')-
ATPase and CaM activity was reported in rat and human rbcs 
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(Halloran et a1., 1980). However, when rbc membrane of normal 
horse and a horse with possible muscular dystrophy were 
compared, both membranes gave unexpectedly low (Ca -Mg )-
ATPase activity which was activated little or none by CaM. 
On the other hand, CaM activities of hemolyzates of horse and 
human rbcs as assayed by activation of human enzyme appeared 
to be equivalent (Vincenzi, 1981). 
A comparative study of CaM from rbcs of various animals 
including rabbit, dog, sheep, goat and human gave comparable 
activity. (Vincenzi, 1981). This proves that CaM activity in 
the rbc is not necessarily related to the activity of the 
Ca'^ '^ -pump ATPase. It seems likely that CaM is present in rbc 
to serve roles other than the regulation of Ca -pump. The 
earlier prediction that all cells contain a plasma membrane 
Ca"*"'*"-pump is not supported (Vincenzi and Hinds, 1976) and 
Ca'*""'' may not play the role of regulatory ion in several non-
humi noi d eel 1s. 
CALMODULIN -
Calmodulin (CaM) is a ubiquitous and extremely versatile 
Ca -binding protein that serves to mediate numerous Ca'*"*'-
regulatory enzyme systems and cellular processes (Cheung, 
1980; Klee et al . , 1980). It has four Ca''"''-bi nding sites per 
molecule and on binding Ca'*"'", CaM undergoes a conformational 
change that enables the Ca"'"''"-CaM complex to bind to and 
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regulate the function of a number of target proteins (Manalan 
and Klee, 1984). 
CaM is a low molecular weight protein. Sedimentation 
equilibrium experiments and gel electrophoresis in the 
presence of SDS have given Mr values in the range of 15,000-
19,000 both in presence and absence of Ca (Lin et al., 
1974; Klee et al . , 1979). CaM is stable to heat and acid 
treatment. It is highly acidic with an isoelectric pH varying 
between 3.9-4.3 (Lin et al . , 1974; Stevens et al., 1976; 
Dedman et al., 1977) and perhaps for this reason migrates on 
gel filtration with an anomalously large apparent Stokes' 
radius. 
Homogeneous preparations of CaM have been obtained from 
many vertebrate tissues (Teo et al,, 1973). CaM concentration 
is highest in brain and testes where concentrations of 
several hundred mg/kg of tissue are found (Watterson et al. , 
1976; Dedman et al . , 1977). The richest source of CaM 
reported to date is the electroplax of the electric eel where 
CaM constitutes 2% of the total protein (Childers and 
Siege 1 , 1975 ) . Waisman et al.(1975) first reported the 
presence of CaM in extracts of tissue from several 
invertebrates including sea anemone, clam, snail, earthworm, 
roundworm, blue crab and star fish. It has subsequently been 
found in the protozoan Euglena graci1i s and Amoeba proteus 
(Kuznicki et al., 1 979). 
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CaM has been purified from yeast cells where it 
controls several cellular activities (Davis et a1., 1986). 
The subcellular distribution of CaM has been examined in 
human platelets and rat liver parenchymal cells (Smoake et 
al., 1974), C-6 glial tumor cells (Brostrom and Wolff, 1974), 
porcine brain (Egrie et al., 1977), rat brain (Teshima and 
Kakiuchi, 1978) and rabbit sperm (Jones et al., 1978). In 
rabbit sperm it is exclusively associated with the head where 
it constitutes ^2% of the total soluble proteins (Jones et 
al., 1978). 
Bovine brain CaM consists of 148 amino acid residues. 
Tryptophan and cysteine are characteristically absent and 
threonine serine ratio is high (12:4). Twenty seven glutamate 
and twenty three aspartate residues are present and the 
molecule has a single residue each of histidine and trimethyl 
lysine (Jackson et al . , 1977; Watterson et al. , 1980). The 
presence of trimethyl lysine is a useful aid in the 
identification of the protein. The absence of tryptophan and 
the high phenylalanine, tyrosine ratio gives CaM a 
characteristic UV-absorption spectrum. The circular dichroic 
spectrum in the far UV is characteristic of proteins with 
high alpha-helix (Klee et al . , 1980). The amino acid 
sequence of bovine brain CaM is shown in Fig. 2 (Watterson et 
al., 1980). 
Fig.2 
Amino acid sequence of calmodulin. The sequence of bovine 
brain CaM is shown utilising the one-letter code for amino 
acid residues. A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, H e ; K, Lys; L, Leu; M, Met; N, Asn; P, Prol ; Q, Gin; 
R, Arg; S, Ser; T, Thr; V, Val ; Y, Tyr. The four proposed 
Ca++-binding domains with the stretches of alpha-helix 
(darker circles) are indicated (Klee et al., 1980). 
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The four postulated Ca''"'"-binding residues consist of 
helical regions connected by a loop of twelve amino acid 
residues with appropriately positioned Ca'*"*"-bi nding residues. 
The Ca """-binding loops have been shown to consistently 
contain sequences favourable for the formation of beta turns 
(Vogt et al., 1979). The two tyrosyl residues are located in 
the third and fourth domains. The single trimethyl lysine 
residue occurs between domain three and four and the single 
hi St idyl residue is located in the helical region of domain 
three. There is considerable homology among the four domains 
in CaM. This homology is greater between domain one and three 
and two and four which suggests that CaM may have arisen by 
two successive doublings of a primordial gene coding for a 
Ca"'""'"-binding domain (Watterson et al . , 1980). 
The sequence data of CaM from various animal species 
suggests that the primary structure of CaM is conserved to a 
remarkable degree among widely divergent species. A 
comparison of CaM from diverse phylogenetic species and 
tissues like the muscle of marine invertebrates, scallop and 
sea anemone and CaM from skeletal muscle of rabbit and pig 
brain by Yazawa et al. (1980) showed highly similar 
structural and functional properties. Davis et al. (1986) 
purified CaM from yeast cells. A comparison of the amino 
acid sequence of yeast CaM showed 605K homology with the 
sequence of all other known CaM's. This homology increased to 
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80% or more i f the genera l l y accepted conserva t ive amino ac id 
replacements are a l l owed . The yeast CaM i s 147 residues long 
and near ly i d e n t i c a l t o i t s bovine b ra in coun te rpa r t . The 
secondary s t r u c t u r e as p red i c ted by Chou and Fasman (1978) is 
s i m i l a r t o t h a t f r o m mammal ian CaM. Because o f t h e 
c o n s e r v a t i o n o f i t s s t r u c t u r e , CaM l a c k s bo th s p e c i e s and 
t i s s u e s p e c i f i c i t y ; CaM from a u n i c e l l u l a r p r o t o z o a n can 
a c t i v a t e an enzyme from the bovine b ra in in vitro (Cheung, 
1975). 
Ca lc ium-b ind ing domains oP ca lmodu l in : Teo and Wang (1973) 
were t h e f i r s t t o d e m o n s t r a t e t h a t CaM b i n d s Ca"*""*". 
Subsequent s t u d i e s i n d i c a t e d t h a t t h e p r o t e i n b i n d s f o u r 
Ca"*"^/ m o l e c u l e w i t h h i g h a f f i n i t y . Most s t u d i e s have 
suggested e i t h e r m u l t i p l e c l a s s e s o f s i t e s f o r Ca or 
negat ive c o o p e r a t i v i t y (Teo and Wang, 1973). In a d d i t i o n , 
p o s i t i v e c o o p e r a t i v i t y has recen t l y been repor ted a t low Ca 
— ft 
concen t ra t i on . The Kd values obta ined are usua l l y about 10 
M. However, a t low i o n i c s t r eng th lower Kd values (10~ M) 
have been found ( W o l f f e t a l . , 1977 ) . I n a d d i t i o n , Mg"*"*" 
decreases the a f f i n i t y of a l l s i t e s f o r Ca"*"^. Wol f f e t al . 
( 1 9 7 7 ) r e p o r t e d t h a t i n t h e p r e s e n c e o f p h y s i o l o g i c a l 
concen t ra t ion of Mg (10 M) and a t low i o n i c s t r e n g t h , CaM 
b inds on l y t h r e e Ca'*'"*"/mol ecu 1 e . Upon b i n d i n g o f Ca"*"*", CaM 
undergoes a la rge conformat iona l change accompanied by a 
5-10% inc rease i n a l p h a - h e l i x c o n t e n t as d e t e r m i n e d by 
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circular dichroism and optical rotatory dispersion (Klee 
1977; Dedman et al., 1977). 
The four putative Ca^ -binding sites in CaM fall into 
two classes differing in their affinity for Ca''"''' (Wolff et 
al . , 1977). Out of these, site two and three have greatest 
influence on Ca"^  — binding, being low and high affinity loci 
for Ca'*"'' respectively (Seamon, 1980). CaM undergoes a well 
defined Ca'*"*'-induced conformational transition (Klee, 1977) 
and exists in at least two defined solution geometries 
++ —7 — 
depending on the cystosolic Ca concentration (10 M or 10 
M). The change in conformation is biologically important 
since only the Ca''"''-saturated formis functionally active 
(Cheung, 1980). 
Many studies on CaM have dealt with various aspects 
related to protein - Ca'*"'' interaction such as affinities of 
the different binding sites (Haiech et al., 1981), 
conformational change induced by Ca"*"*" (Seamon, 1980) and 
possible differentiation in number and position of sites 
occupied by Ca in relation to control of enzyme systems 
(Burger et al . , 1983; Kilhoffer et al . , 1983). Ca"*""*" induces 
the exposure of hydrophobic regions of CaM which acts as an 
interface for interaction between CaM and various protein 
systems (La Porte et al., 1980). In an attempt to understand 
the nature of Ca'^ '*'-binding sites of CaM, Buchta et al. (1986) 
prepared several synthetic peptides encompassing the putative 
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Ca"'"''"-binding s i t e s of CaM. Thei r f i n d i n g s showed t h a t the 
pep t i des co r respond ing t o t he Ca''""'"-bi nd i ng s i t e s two and 
three of CaM can mimic c e r t a i n f ea tu res of the parent p r o t e i n 
and possess some CaM l i k e a c t i v i t y . Ca"^''"-binding l o c i have a 
t y p i c a l h e l i x - l o o p - h e l i x s t r u c t u r e known as t h e EF hand 
(K re t s i nge r , 1975). X-ray c y r s t a l l o g r a p h i c s tud ies of Ca"*"*" -
s a t u r a t e d CaM have revea led a dumbbe l l l i k e s t r u c t u r e i n 
which a long c e n t r a l a l p h a - h e l i x d i v i d e s the molecule i n t o 
two regions each of which con ta in a p a i r o f homologous Ca 
b ind ing domains and th ree small a l pha -he l i ces (Babu e t al . , 
1985). Gariepy e t a l . (1986) prepared fou r s y n t h e t i c pept ides 
corresponding to va r ious CaM residues ( 9 - 1 9 ) , (68 -79 ) , (80-
92) and (141-148) . An t i se ra e l i c i t e d aga ins t the pept ides 
showed s t ronger b ind ing w i t h the apopro te in (CaM in absence 
of calc ium) than the Ca'*"*"-saturated form. The s t r u t u r a l basis 
f o r t h e Ca - i n d u c e d l o s s o f a n t i g e n i c r e a c t i v i t y was 
exp la ined w i t h re ference t o X-ray c r y s t a l s t r u c t u r e of CaM. 
In presence of Ca"^ "*", the regions corresponding t o CaM 9-19, 
68 -79 , 80-92 and 141-148 are s o l v e n t exposed and a l p h a -
h e l i c a l (Babu e t a l . , 1985). For the apop ro te in , however, the 
c r o s s r e a c t i v e e p i t o p e s o f t h e s e f o u r r e g i o n s on CaM are 
sur face exposed and hence a n t i g e n i c . 
G l y c a t i o n o f CaM has been shown t o cause a 54% 
r e d u c t i o n i n i t s Ca ' * " ' ^ -b ind ing c a p a c i t y and d e c r e a s e d 
a b i l i t y t o a c t i v a t e i t s t a r g e t enzymes (Kow lu ru e t a l . , 
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1989). The process of glycation appears to involve all of the 
available lysines which causes interference with target 
enzymes at their binding site on the CaM molecule. 
Interaction of calmodulin with erythrocyte membrane: CaM 
interacts with components of the rbc membrane cytoskeleton as 
well as with the membrane itself (Stromqvist et al . , 1988). 
Since the affinity of CaM for spectrin and the cytoskeleton 
is similar and the number of sites of CaM in the cytoskeleton 
corresponds to the concentration of spectrin, it appears 
likely that spectrin constitutes the major binding site for 
CaM in intact cytoskeleton (Stromqvist et al., 1988). 
Berglund et al . (1986) showed that luM free Ca''"'' is required 
to obtain binding of CaM to spectrin. The stoichiometry of 
the complex was found to be 1:1 (Burns and Gratzer, 1985). 
Since the binding and activation of the Ca''"'^ -pump by the 
Ca''"''-CaM appears to be slow (Foder and Scharff, 1981) the 
Ca"^  —signal would exist for a finite time before it is 
removed by the activated pump. Thus a free Ca"*"*" 
concentration in the micromolar range is likely to be present 
at certain times in the red cell and this would be sufficient 
to produce maximal binding of CaM to spectrin (Berglund et 
al . , 1986). Little is known concerning the functional 
significance of CaM binding to spectrin. It is proposed 
that CaM, through an interaction with membrane cytoskeletal 
proteins, participates in the regulation of erythrocyte shape 
39 
and that inhibition of CaM results in a transformation of the 
discoid shape of normal rbcs to cup shaped stomatocytes 
(Nelson et al., 1983). 
CaM is a multifunctional protein as it brings about a 
Ca''"''"-dependent activation of many enzymes and enzyme systems 
like cyclic nucleotide phosphodiesterase (Wolff and Brostrom, 
1979), adenylate cyclase (Brostrom et al . , 1975) and 
guanylate cyclase (Goldberg and Haddox, 1977). CaM mediates 
regulation of both smooth muscle and non-muscle contractile 
proteins, actin and myosin by activating the enzyme myosin 
kinase. This kinase specifically phosphory1ates a single 
residue of a regulatory light chain of myosin (Pi res et al., 
1974). The congruent localisation of tubulin and CaM during 
mitosis (Welsh et al., 1978) suggests a role for CaM in the 
Ca"*"'"-dependent disassembly of microtubules (Marcum et al . , 
1978). As a mediator of the Ca''"'^ -s i gnal , CaM ensures the 
coordinate regulation of metabolic pathways associated with 
Ca"*""''-dependent functions. In skeletal muscle, CaM has been 
shown to regulate the activity of phosphorylase kinase which 
is responsible for glycogen breakdown (Cohen et al . , 1978). 
Finally, in plants CaM has been identified as the activator 
of an important regulatory enzyme NAD kinase which controls 
the levels of NADP. This was the first report which 
indicates that Ca"*"*" may also act as second messenger in 
plants (Anderson and Cormier, 1978). 
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(Ca -Mg )-ATPase: CaM governs the functioning of the Ca -
pump of the plasma membrane (Larsen and Vincenzi, 1979) and 
that of the sarcoplasmic reticulum (Katz and Remtulla, 
1978). The concentration of ionised Ca in physiologically 
healthy rbc is only 10"^ - 10~® M compared to 10"^ M in the 
circulating plasma (Lew and Garcia-Sancho, 1985). Extrusion 
of Ca"*"^  to the extracellular space is accomplished by an ATP 
utilising pump associated with the enzyme (Ca'*"'*'-Mg"*"''")-ATPase 
extensively studied in the rbc membrane (Schatzmann, 1975). 
(Ca -Mg )-ATPase was purified in an active form by 
Niggli et al. (1979). It is a single polypeptide of about Mr 
138,000 (Graf et al . , 1982) whose activity is mediated by 
CaM, CaM-tryptic fragments, acidic phospholipids, 
polyunsaturated fatty acids, controlled proteolysis and by 
cAMP-dependent phosphorylation of C-terminal domain of the 
enzyme (Carafoli, 1987). The secondary structure of the 
enzyme in presence of CaM and phosphatidyl serine was 
investigated by Wrzosek et al. (1989) and was found that CaM 
and phosphatidyl serine interaction with (Ca"*"^ -Mg''"''")-ATPase 
results in different conformational states of the enzyme. 
Although acidic phospholipids are known to activate the 
enzyme, it was found that the p-nitro phenyl phosphatase 
activity of (Ca"'"'*'-Mg'^ '*')-ATPase was inhibited in presence of 
phosphatidyl serine and phosphatidyl inositol (Rossi and 
Caride, 1991). This suggests that acidic phospholipids 
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S t a b i l i s e t h e enzyme-Ca "*" comp lex l a c k i n g p h o s p h a t a s e 
a c t i v i t y . Ex tens i ve sequence a n a l y s i s o f p e p t i d e s o f t he 
human e r y t h r o c y t e Ca -pump i n d i c a t e s the presence of two 
isoforms in the human e r y t h r o c y t e membrane ( S t r e h l e r e t a l . , 
1990). 
The mechanism of activation of (Ca'^ ''"-Mg'*""*')-ATPase in 
CaM-depleted membranes or in solubilised form involves an 
initial formation of the reversible Ca''"'*"-CaM complex (Lynch 
and Cheung, 1979). Unlike other enzymes, binding of Ca''"''' to 
the membrane (Ca'*"'"-Mg''"*")-ATPase appears to be favoured by 
high ionic strength (Farrance and Vincenzi, 1977). The 
subsequent Ca''"''"-dependent activation of the (Ca'*"*'-Mg''"'^  )-
ATPase is due to a 10-fold increase in the V^ ^^ ^ and 2-fold 
decrease in Km (Lynch and Cheung, 1979). The concentration of 
CaM needed for half maximal stimulation in the presence of 
saturating levels of Ca''"'" is in the nanomolar range. The 
basal activity of (Ca'^ '^ -Mg''"*")- ATPase is stimulated 2-3 fold 
in presence of CaM (Bond and Clough, 1973). It is currently 
accepted that the reaction cycle of the plasma membrane Ca-
pump occurs via the formation and breakdown of phosphorylated 
intermediates. It is phosphorylated by ATP in the presence of 
Ca"*""*" both acting at high affinity sites (Katz and Bolstein, 
1975). The ATP hydrolytic mechanism of the soluble (Ca "'"-
Mg^^)-ATPase is biphasic in nature (Cable et al . , 1985). A 
high affinity binding constant reflects a binding of ATP at 
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the ATP hydrolytic site of the free enzyme whereas a low 
affinity constant represents binding either at a second site 
or at the same site in the phosphorylated form of the enzyme 
(Cable et al . , 1985), Mg'^''" has been shown to influence the 
Ca"*" sensitivity of the membrane associated enzyme profoundly 
under certain conditions (Katz et al . , 1979). More recent 
kinetic analysis indicates that Mg"*" compete with Ca 
(Villalobo et al . , 1985) as also found for the membrane 
associated enzyme (Penniston, 1982). In millimolar range^ 
free Mg"*"*" inhibits the turnover of the enzyme (Villalobo et 
al., 1986). 
A decrease in the activity of the CaM-stimulated (Ca"*"^  
-Mg )-ATPase is observed during cell senescence and in some 
cases of hemolytic anemias such as sickle cell disease 
(Leclerc et al . , 1987). The inhibition of this enzyme leads 
to an increased intracellular Ca"*"*^  concentration which has 
deleterious effects on the erythrocyte membrane and on the 
survival of the cell in the circulation. The Ca"*"*" level in 
the rbc may rise as high as 2 x 10~ M when the Ca "^ -pump 
fails as in aged cells, sickle cells or cells having 
hereditary metabolic disorders (Eaton et al., 1973). The 
inhibition of the (Ca '*"-Mg"'"''")-AtPase activity upon aging has 
been ascribed to a decreased activity of cytosolic CaM 
(Ekholm et al ., 1981). Studies on density separated rbcs by 
Hanahan and Ekholm (1978) showed that low density or younger 
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cells had higher (Ca'*""*'-Mg'*"'*')-ATPase activity as compared to 
the old cells which are densest. 
A comparison of the genetically hypertensive Kyoto rat 
with a normal control revealed an increase in rbc Ca "*" 
content in the hypertensive strain (Postnov and Orlov, 1980) 
along with a reduced stimulation by CaM of the Ca"*""*" influx in 
inside out vesicles (Orlov et al, , 1983). Similar results 
were obtained in inside out vesicles from the rbcs of 
hypertensive human subjects (Postnov et al., 1984). Vincenzi 
et al . (1986) observed a reduced basal (Ca'*"*'-Mg'*""*") - ATPase 
activity in rbcs of patients with hypertension while Vezzoli 
et al , (1985) reported a decrease in the CaM-stimulated 
activity. The activation by CaM of the rbc (Ca'*"'"-Mg'^ '*')-
ATPase has been the subject of numerous investigations. 
However, little is known about the state of the CaM-Ca'*"*"-pump 
complex under physiological conditions. The question of 
whether fluctuations in Ca^ "*" at physiological levels regulate 
the binding of CaM to the calcium pump in intact rbcs is 
still a subject of controversy (Schatzmann, 1982). On the 
other hand, disturbances in the Ca'*""*"-dependent ATPase 
activity such as those reported in hypertension might reflect 
an alteration in the Ca"*" : ATP stoi ch i ometry of the pump 
rather than on Ca"*"*" efflux per se. 
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Calpain irreversibly activates the (Ca''""*'-Mg'*"'')-ATPase 
when rbc experiences a prolonged increase in intracellular 
Ca"*""*" concentration during certain pathological or 
physiological conditions such as aging (Wang et al. , 1988). 
The calpain-mediated activation of (Ca'^ '*'-Mg'^ '^ )-ATPase serves 
as the last defence mechanism for decreasing the elevated 
Ca"*" level which would otherwise be lethal to the rbc. Action 
of calpain either decreases or abolishes the sensitivity of 
(Ca"'"'^ -Mg''"'")-ATPase to CaM stimulation. CaM has been shown to 
protect the (Ca'*""'"-Mg'*"'')-ATPase against calpain-mediated 
activation (Wang et al . , 1988). The red cell membrane (Ca"*"*"-
Mg''"'*')-ATPase has also been demonstrated to be activated by 
mild treatment with trypsin which simultaneously abolishes 
its CaM dependence (Sarkadi et al., 1986). 
PROTEASES IN RBC -
The occurrence of proteolytic enzymes in human erythrocytes 
was described for the first time in 1953 by Morrison and 
Neurath. Studies performed over the last decades have shown 
that red cell proteolysis is an intricate and a highly 
controlled process. 
Three major erythrocyte proteolytic enzyme systems 
have been studied in substantial detail. These include an 
ATP-dependent proteolytic enzyme system studied in murine 
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e r y t h r o ! e u k e m i a c e l l s (Waxman e t a l . , 1 9 8 5 ) , r a b b i t 
r e t i c u l o c y t e s ( E t l i n g e r and Goldberg, 1977) and mature r a b b i t 
r b c s ( G o l d b e r g and B o c h e s , 1 9 8 2 ) . The second i s t h e 
p r o c a l p a i n - c a l p a i n s y s t e m o f Ca"^'* ' -dependent n e u t r a l 
proteases found in the c y t o s o l i c f r a c t i o n of human as we l l as 
o the r mammalian rbcs ( P o n t r e m o l i e t a l . , 1980 ) . The t h i r d 
e r y th rocy te p r o t e o l y t i c system i s ATP and Ca"*"*"-independent 
(Fagan e t a l . , 1986 ). 
A T P - d e p e n d e n t p r o t e o l y t i c s y s t e m : The A T P - d e p e n d e n t 
p r o t e o l y t i c system has been assoc ia ted w i t h the i n t r a c e l l u l a r 
degradat ion of puromycin a l t e r e d hemoglobin and hemoglobin 
con ta in ing amino ac id analogs i n r a b b i t r e t i c u l o c y t e s (Klemes 
e t a l . , 1981). This system degrades po lypept ides w i t h h igh l y 
abnormal s t r u c t u r e s ( E t l i n g e r and Goldberg, 1977) such as 
those r e s u l t i n g from muta t i on , b i o s y n t h e t i c e r r o r s or post 
s yn the t i c damage (Goldberg and Boches, 1982). This c y t o s o l i c 
degradat ive system a lso appears respons ib le f o r hydro lys ing 
v a r i o u s s h o r t - l i v e d normal enzymes ( G r i n d e and Jahnsen , 
1982) and i s probably the major pathway f o r p r o t e i n breakdown 
in r a p i d l y growing f i b r o b l a s t s and myoblasts (Gronosta jsk i 
and Go ldberg , 1982) as w e l l as i n r e t i c u l o c y t e s as they 
mature i n t o e r y th rocy tes (Boches and Goldberg, 1982). 
The d e g r a d a t i o n o f p r o t e i n s w i t h i n mammal ian and 
b a c t e r i a l c e l l s g e n e r a l l y r e q u i r e s m e t a b o l i c e n e r g y 
(Goldberg and St . John, 1976; Hershko and Ciechanover, 1982). 
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In r e t i c u l o c y t e s , ATP i s essen t i a l f o r the rap id hyd ro l ys i s 
o f abno rma l g l o b i n s c o n t a i n i n g amino a c i d a n a l o g s or 
puromycin ( E t l i n g e r and Goldberg, 1977) and the e l i m i n a t i o n 
o f no rma l p o l y p e p t i d e s as r e t i c u l o c y t e s m a t u r e i n t o 
e r y t h r o c y t e s ( M u l l e r e t a l . , 1980; Boches and G o l d b e r g , 
1 9 8 2 ) . ATP h y d r o l y s i s i s e s s e n t i a l i n p a r t f o r t h e 
c o n j u g a t i o n o f the h e a t - s t a b l e p o l y p e p t i d e u b i q u i t i n t o 
eps i l on amino groups on p ro te i ns (Ciechanover e t a l . , 1980) 
thus tagg ing them f o r degrada t ion . This m o d i f i c a t i o n invo lves 
a mul t icomponent enzyme system (Hershko and C i e c h a n o v e r , 
1982). I t i s suggested t h a t the ATP r e q u i r i n g step i n the 
deg rada t i ve pathway i n v o l v e s a s o l u b l e ATP - dependent 
p ro tease (Tanaka e t a l . , 1983; Tanaka e t a l . , 1984 ) . I n 
b a c t e r i a seve ra l ATP-dependent p r o t e a s e s have been found 
which do not r e q u i r e u b i q u i t i n (Chung and G o l d b e r g , 1981 ; 
Charet te e t a l . , 1981). S im i l a r ATP-dependent proteases have 
not been demonstrated in r e t i c u l o c y t e s a l though they have 
been found in murine ery thro leukemic c e l l s (Waxman e t a l . , 
1985). P o s s i b l y r e t i c u l o c y t e s and o t h e r e u k a r y o t i c c e l l s 
con ta in an ATP- hyd ro l ys ing protease t h a t i s s p e c i f i c f o r 
p ro te i ns conjugated t o u b i q u i t i n (Hershko e t a l . , 1984). The 
major p r o t e o l y t i c a c t i v i t y i n r a b b i t red c e l l s t h a t i s ac t i ve 
between pH 7 and 8 can be a t t r i b u t e d t o a h igh molecular 
weight enzyme t h a t i s a c t i v a t e d by ATP or by non-hydro lysable 
ATP a n a l o g s (De M a r t i n o and G o l d b e r g , 1979 ; Boches e t 
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al.,1980; Goldberg et al., 1980). This protease is similar to 
a multisubunit enzyme isolated from skeletal muscle (Hardy et 
al . , 1981). It can degrade both large proteins (Ismael and 
Gevers,1983) as well as small synthetic peptides (Wilk and 
Orlowski, 1980). 
The rabbit reticulocyte ATP- dependent, non-lysosomal 
system degrades proteins completely to amino acids (Botbol 
and Scornik, 1979). This process shows an alkaline pH optimum 
(Neff et al . , 1979) and involves multiple proteases since 
proteolysis is inhibited by difluorophosphate (Boches et al., 
1980) an inhibitor of serine endoproteases, 0-phenanthroline, 
a chelating agent that inhibits metalloenzymes and bestatin 
(Botbol and Scornik, 1979) which binds to the active site of 
aminopeptidases. It is an unusually large serine protease and 
resembles the ATP-dependent protease of _E_. col i (Goldberg et 
al., 1981). The enzyme appears to be an important component 
in the ATP- dependent degradative pathway where it may 
initiate the cleavages of substrates. In fact, it is the 
only red cell protease capable of hydrolysing casein, globin 
or albumin under the conditions required for their ATP-
dependent degradation. The products of this serine protease 
are polypeptides (Mr > 2,000) (Boches et al., 1980) that are 
presumably degraded by soluble proteases sensitive to 0-
phenonthroline or bestatin (Kirschner and Goldberg, 1983). 
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In an attempt to identify and purify the proteases that 
may catalyse these subsequent steps, Kirschner and Goldberg 
(1983) identified 3 soluble enzymes in human erythrocyte 
lysate which degrade insulin at alkaline pH. One is probably 
identical with the ATP-stimulated protease (Boches et al . , 
1980), another is a novel protease and the third is a 
metalloprotease. This protease is inactivated by a variety of 
metal chelators but not by inhibitors of lysosomal cathepsins 
or of carboxyl, serine or thiol proteases. In addition, this 
enzyme is reactivated by Zn, Co and Mn after being inhibited 
by metal chelator. The enzyme degrades small polypeptides 
(e g. Mr 2300-3500) but not larger proteins such as globin or 
casein. The acid insoluble peptides resulting from partial 
digestion of large proteins appear to be hydrolysed by the 
metalloprotease. The ATP-dependent system is very labile in 
extracts and dilution or incubation at 37° in the absence of 
ATP results in its rapid inactivation (Pagan et al . , 1986). 
This sensitivity of the ATP-stimulated process to dilution 
may be related to its requirement of interaction of multiple 
components including at least three enzymes involved in 
ubiquitin conjugation. 
Calcium-dependent proteolytic system: The procalpain-calpain 
system involving the calcium-dependent neutral proteases has 
been found in the cytosolic fraction of human erythrocytes 
(Pontremoli et al . , 1980). These endopeptidases play a major 
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r o l e in the degradat ion of ox idan t damaged p ro te i ns in the 
rbc (Pon t remo l i e t a l . , 1979; P o n t r e m o l i e t a l . , 1984) . 
Calpain t r i g g e r s the d e s t r u c t i o n of p ro te i ns respons ib le f o r 
Heinz body fo rmat ion ( M o r e l l i e t a l . , 1987). This ca lc ium-
dependent so lub le neu t ra l p ro te inase i s shown to ca ta lyse the 
l i m i t e d p r o t e o l y s i s o f n a t i v e p - g l o b i n c h a i n s i n i t i a t i n g 
thereby an ATP-independent p r o t e o l y t i c degradat ion of these 
p r o t e i n s (De F lo ra e t a l . , 1980). I t i s suggested t h a t the 
f o l l o w i n g s e r i e s o f events occu r : f i r s t , p r o c a l p a i n i s 
converted t o c a l p a i n ; second, i n t r a c e l l u l a r Ca"*"*" i s mob i l i sed 
f u r t h e r c o n t r i b u t i n g t o c a l p a i n f o r m a t i o n - , t h i r d , t h a t 
c a l p a i n u n d e r g o e s a u t o p r o t e o 1 y s i s l e a d i n g t o c e l l u l a r 
p r o c a l p a i n - c a 1 p a i n d e p l e t i o n and l a s t t h a t a c i d 
endopeptidases are re leased from the rbc membrane ( M o r e l l i e t 
al . , 1987). P u r i f i e d ca lpa in shows maximum a c t i v i t y a t uM 
Ca"^ "*" concen t ra t i on and appears t o be composed of two subuni ts 
having Mr of 80,000 and 30,000 (Me l lon i e t a l . , 1982b). RbcS 
from glucose-6-phosphate dehydrogenase d e f i c i e n t p a t i e n t s and 
those s u f f e r i n g from severe fav ism have been shown to conta in 
very high l e v e l s of Ca"^ "^  ( M o r e l l i e t a l . , 1987). High Ca"^ "^  
c o n c e n t r a t i o n t r i g g e r s the c o n v e r s i o n o f p r o c a l p a i n t o 
c a l p a i n . The p r o c a 1 p a i n - c a l p a i n s y s t e m r e p r e s e n t s an 
important defense mechanism aga ins t ox idan t - induced format ion 
of Heinz bodies. A c c o r d i n g l y , t h i s p r o t e o l y t i c system seems to 
prevent t o some ex ten t the glucose-6-phosphate dehydrogenase 
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deficient rbcs from being sequestered and removed by the 
spleen (Morel1i et al., 1987). 
The presence in the cytosolic component of the red 
cells of a natural inhibitor (calpastatin), that reversibly 
binds to the active enzyme only in the presence of high Ca"*""*" 
concentration has been demonstrated (Melloni et al. , 1982b). 
This interaction provides an explanation for the regulation 
of the intracellular protein breakdown involving the calpain 
in human erythrocytes. The concentration of Ca"*""*" plays an 
essential role in this regulatory process resulting in a 
biphasic effect: at micromolar concentration Ca"*"*" behaves as 
an activator essential for the catalytic activity of calpain, 
at millimolar concentration, Ca"*"*" induces the interaction 
between the protease and the inhibitor forming an inactive 
enzyme - inhibitor complex (Melloni et al . , 1982b). 
Degradation of excess hemoglobin B chains in human 
erythrocytes has been shown to be a 3-step process. In the 
first step, the hemoglobin B chains are modified by limited 
proteolysis. Secondly, the modified chains become attached to 
the inner surface of the erythrocyte membrane. In the final 
step the modified chains are degraded to acid-soluble 
products by the action of intrinsic membrane bound 
endopeptidase (Melloni et al . , 1982a). Ca'^ '*"-dependent neutral 
protease plays a dual role in the overall process (Pontremoli 
et al., 1984).Not only is it required for the initial step in 
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the digestion but it also catalyses a modification of the 
cytosolic surface of the erythrocyte membrane without which 
binding of the modified substrate does not occur. This 
requirement for modification of the erythrocyte membrane has 
been demonstrated with inside out membrane vesicles treated 
with calpain in vitro or exposed to calpain in situ in intact 
Ca'^ ''"-enriched erythrocytes (Pontremoli et al . , 1984). The 
degradation of excess hemoglobin S chains in circulating 
human erythrocytes is a tightly regulated process that 
appears to be initiated at physiological concentration of 
Ca"*"*" by the presence of the substrate to be digested. This 
promotes the formation of the membrane-substrate complex and 
results in the digestion of the substrates by the intrinsic 
endopeptidases in the membrane. 
Calcium-dependent proteases also bring about the 
selective and limited proteolysis of several proteins of the 
rbc membrane skeleton like band 4.1 a and b, band 3 and 
spectrin (Murakami et al. , 1981; Croal1 et al. , 1986). Such 
proteolytic events presumably only occur when the red cell 
experiences a prolonged and uncontrolled increase of 
intracellular Ca"'"''' during certain pathological or 
physiological conditions like aging. Sakai et al . (1989) 
have suggested that calpain disperses in cytosol in the 
absence of Ca"*"*" and localises on the plasma membrane in the 
presence of Ca"*"*". There is a possibility that at locally 
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high Ca"*" concentration the protease is transferred to the 
plasma membrane and converted to the active form. 
Furthermore, owing to the co-existence of calpastatin in 
erythrosol the action of the Ca"'""*"-dependent protease is 
expected to be manifested only if the level of calpastatin is 
low. Though such a condition has not yet been described in 
human rbc, Pontremoli et al. (1986) have reported a defective 
calpain - calpastatin system in red cells from Milan 
hypertensive rats in which calpain level is normal but 
calpastatin concentration is 10 times below the normal level. 
No degradation of band 3 at the external surface of the 
rbc membrane due to the erythrosol ic Ca"*"'"-dependent protease 
was observed inspite of the use of unsealed ghosts (Au et 
al . , 1988). Only the cytoplasmic domain of membrane bound 
band 3 is degraded to give fragments of Mr 30,000 and Mr 
10,000. This suggests that the proteinase can recognise 
specific sttes along band 3 protein. The transmembrane 
carboxyl terminal fragment with a Mr of 52,000 generated as a 
result of calpain action contains components that make up the 
senescent cell antigen (Kay, 1984). 
ATP-independent proteolytic system: A third erythrocyte 
proteolytic system has been described in rabbit reticulocytes 
and mature rabbit erythrocytes and is ATP-independent (Pagan 
et al., 1986). Degradation of hemoglobin brought on by 
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oxidant stress in the red cells appears to be carried out 
primarily by the pathway. As suggested by Fagan et al . 
(1986), the ATP-independent erythrocyte proteolytic system 
may interact with other proteases such as the calpain system. 
Pontremoli et al . (1979) have isolated and characterised 
three acidic proteases in human membranes. These proteases 
have optimal activity in the acidic pH range and are 
responsible for the proteolytic activity detectable in 
solubilised erythrocyte membranes. A high molecular weight 
alkaline protease similar to that present in liver which 
degrades oxidatively modified protein (Rivett, 1985) has also 
been suggested to be active in mature red cells which lack 
the ATP-dependent pathway (Fagan et al., 1986; Waxman et al., 
1987). 
The inhibitors of serine proteases, 
diisopropylfluorophosphate and 3,4-dichloroisocoumarin, the 
sulfhydryl reagent^N-ethy1 maleimide, and hemin, an 
inhibitor of the ATP-dependent pathway have little effect on 
the degradation of phenylhydrazine-treated hemoglobin (Fagan 
et al., 1986). The ATP-independent proteolytic system is not 
labile at 37° or by dilution and possesses a low activation 
energy for the breakdown of oxidant damaged protein which is 
consistent with involvement of a proteolytic enzyme as the 
rate limiting step (Fagan et al., 1986). 
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Damage to hemoglobin by ox idan ts can occur under many 
c o n d i t i o n s in vivo. Hydrogen p e r o x i d e p romotes p r o t e i n 
breakdown (K i rschner and Goldberg, 1982) and makes hemoglobin 
more suscep t i b l e t o ATP-independent p r o t e o l y s i s . In vivo, 
t h i s ATP-independent degradat ive system may be invo lved in 
the breakdown of o t h e r types o f damaged p o l y p e p t i d e s or 
na t i ve p r o t e i n s . More r e c e n t l y , Woods and Lazarides (1985) 
have p r e s e n t e d an e l e g a n t model f o r r e g u l a t i o n o f t h e 
assembly o f the e r y t h r o i d membrane c y t o s k e l e t o n . T h i s 
process invo lved the s e l e c t i v e non ATP-dependent degradat ion 
of f r ee s p e c t r i n . 
Human e r y t h r o c y t e s c o n t a i n t h e u n i q u e a s p a r t i c 
p ro te inase (ca theps in E) as a membrane assoc ia ted enzyme. In 
mature rbc catheps in E i s l a t e n t (Yamamoto e t a l . , 1985) but 
i s r e a d i l y a c t i v a t e d by p e r t u r b a t i o n o f t h e membrane 
components (Yamamoto e t a l . , 1988). The a c t i v a t e d enzyme has 
the capac i ty t o degrade membrane p r o t e i n s over a wide range 
of pH values (Kay e t a l . , 1988). Elevated l eve l s of cathepsin 
E a r e f o u n d i n aged and o x i d a n t damaged e r y t h r o c y t e s 
(Yamamoto e t al . , 1989). Hemoglobin b ind ing to the membrane 
i s a p r e r e q u i s i t e f o r the s o l u b i 1 i s a t i o n and a c t i v a t i o n of 
c a t h e p s i n E. S e v e r a l s t u d i e s i n d i c a t e t h a t i n c r e a s e d 
hemoglobin b ind ing t o the membrane i s a common fea tu re of 
aged e r y t h r o c y t e s (Snyder e t a l . , 1 9 8 1 ; Sauberman e t a l . , 
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1 9 8 3 ) . M o d i f i e d h e m o g l o b i n can i n t e r a c t w i t h membrane 
p r o t e i n s such as s p e c t r i n (Snyder e t a l . , 1 9 8 1 ) , a c t i n 
(Shak la i e t a l . , 1987) and band 3 (Sayare e t a l . , 1982) . 
There fo re s i nce c e l l u l a r changes a re b r o u g h t abou t i n 
senescent or damaged e r y t h r o c y t e s , i t could be concluded t h a t 
ca theps in E i s a c t u a l l y a c t i v a t e d d u r i n g t he e r y t h r o c y t e 
aging process in vivo (Yamamoto e t a l . , 1989). 
The a c t i o n o f endogenous membrane p r o t e a s e s i n 
membranes i s o l a t e d from human red c e l l s of va r ious ages was 
s tud ied by Gaczynska (1989). The protease a c t i v i t i e s were 
h ighest in ghosts i s o l a t e d from e ry th rocy tes of middle age. 
P o s s i b l y , the a c t i v a t i o n o f some p r o t e a s e by changes i n 
e n v i r o n m e n t a l c o n d i t i o n s o r by t h e l o s s o f a n a t u r a l 
i n h i b i t o r takes place dur ing ag ing . 
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OBJECTIVES OF THE PRESENT STUDY-
Red blood c e l l s perform almost i d e n t i c a l f u n c t i o n s in 
h igher an imals . Despi te t h e i r apparent s i m i l a r i t y , there 
e x i s t s t r i k i n g d i f f e r e n c e s in s t r u c t u r e and b iochemis t ry of 
the red b lood c e l l s d e r i v e d f rom v a r i o u s an ima l s p e c i e s . 
I n s p i t e of the near l y i d e n t i c a l c i r c u l a t o r y l i f e , the goat 
red b lood c e l l s l ack d e f i n i t e shape and s e v e r a l c a l c i u m -
s t imu la ted /med ia ted processes, t h a t are extremely important 
f o r the normal phys io logy of human and o ther e r y t h r o c y t e s . 
These i n c l u d e (Ca"*"^-Mg'*'t)-ATPase, c a l c i u m - s e n s i t i v e 
phospho inos i t ide phosphodiesterase, calc ium-phosphate- induced 
red b lood c e l l f u s i o n , c a l c i u m - i n d u c e d membrane p r o t e i n 
p h o s p h o r y l a t i o n , c a l c i u m - d e p e n d e n t p r o t e o l y s i s and 
c r o s s l i n k i n g of membrane p r o t e i n s and e r y t h r o c y t e shape 
change i n response t o c a l c i u m . I n v iew o f t h i s ^ i t was 
c o n s i d e r e d o f i n t e r e s t t o i n v e s t i g a t e t h e n a t u r e o f 
c a l m o d u l i n and some p r o p e r t i e s o f membranes o f g o a t 
e ry th rocy tes t h a t are compat ib le w i t h the a b i l i t y of these 
c e l l s t o s u r v i v e and f u n c t i o n n o r m a l l y i n s p i t e o f t h e i r 
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Fresh blood collected in ACQ (acid citrate dextrose) from 
various animal species was used. Freshly collected blood 
stored under blood bank conditions for various durations or 
outdated human blood obtained from the local blood bank was 
used in some experiments. Prior to use_>the cells were washed 
three times in isotonic (154 mM) NaCl and the "buffy coat" 
was removed by aspiration. 
PREPARATION OF ERYTHROCYTE GHOSTS -
Erythrocyte ghosts were prepared by the method of Fairbanks 
et al. (1971) which is based on the principle of hypotonic 
lysis, described by Dodge et al. (1963). The washed rbcs were 
hemolysed by mixing rapidly 1 ml portion of the cells with 40 
ml of cold 5 mM Tris HCl pH 7.4. The suspension was 
centrifuged at 12,000 xg for 30 minutes in a refrigerated 
centrifuge. The resulting deep red supernatant was aspirated 
leaving the red translucent pellet of packed ghosts over a 
minute, opaque,cream coloured "button". Removal of the latter 
at this stage was essential for minimizing contamination of 
ghosts with proteases. Each centrifuge tube was tilted and 
rotated to allow the loose ghost pellet to slide off the 
tightly packed button which could be then aspiraced with 
little loss of ghosts. After three additional washes under 
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similar conditions the pellet wss homogeneous and comprised 
of intact, creamy white ghosts. 
In some experiments, erythrocyte ghosts were prepared 
by isoionic lysis by the method of Billah et al. (1976). Each 
volume of washed, packed cells was suspended in 3 volumes of 
2 M glycol in isoionic medium (130 mM KCl , 10 mM NaCl , 2 mM 
MgCl2, 10 uM CaCl2 and 10 mM Tris HCl pH 7.4) and the 
permeant was allowed to diffuse into the cells for about 10 
minutes at 20°. The suspension was chilled in ice water for 
5 minutes and then diluted with ice cold, isoionic medium to 
a final ratio of buffer to cells of 20:1. The turbid solution 
became clear within seconds indicating a very rapid lysis of 
cells. The ghost suspension was then centrifuged at 12,000 x 
g for 20 minutes. The pellet was resuspended in the same 
volume of fresh, ice cold isoionic medium and centrifuged as 
above. Thereafter, a cycle of loading at room temperature, 
cooling in ice water and dilution with ice cold, isoionic 
medium was repeated until the hemoglobin of the ghosts was 
removed. 
STUDIES ON ERYTHROCYTE SPECTRIN -
Extraction of spectrin dimers and tetramers: Spectrin was 
extracted from normal goat rbc membranes by the method of 
Ungewickell and Gratzer (1978) using low ionic strength 
buffer (0.3 mM Tris HCl pH 8.0 containing 0.2 mM PMSF). 
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After washing membrane pellet with the buffer, spectrin 
extraction was performed by incubating the membranes with 3 
volumei of the extraction buffer for 30 minutes at 37*^  to 
give dimers. In order to obtain spectrin tetramers, the 
membrane suspension was dialysed against 200 volumes of the 
extraction buffer at 4° for 18 hours. After completing the 
incubation, the suspension was centrifuged at 12,000xg for 60 
minutes. The supernatant was removed carefully and 
concentrated against sucrose. Electrophoretic samples of the 
pellet and supernatant were prepared by the method of Laemmli 
(1970). 
Treatment of spectrin with diamide: Diamide treatment was 
performed as described by Hosey et al . (1978) with few 
modifications. The spectrin dimerj and tetramers extracted 
from goat and human rbc membranes were incubated with a final 
concentration of 1 mM diamide in 5 mM Tris HCl pH 8.0 for 45 
minutes at 4°. The reaction was terminated by immediate 
preparation of SDS-PAGE samples in absence of S-mercapto 
ethanol. 
SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS -
SDS-PAGE was performed essentially, according to the method 
of Fairbanks et al. (1971) and Davis (1964) using a mini slab 
gel apparatus manufactured by Atto Co., Japan. Concentrated 
solutions were mixed in the order and proportions given in 
Table 1, to give the required gel concentration. The cocktail 
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TABLE 1 
Formulas for stock solutions, buffers and gels 
1. 41.5% stock solution of Acrylamide-Bisacrylamide 
Acrylamide (40 g) 
Bisacrylamide (1 .5 g) 
Make upto 100 ml with distilled water. 
2. 10 X Buffer 
1.0 M Tris (40 ml) 
2.0 M Sodium acetate (10 ml) 
0.2 M EDTA (10 ml) 
Adjust the pH to 7.4 with glacial acetic acid and make 
upto 100 ml with distilled water. 
3. Sample Buffer 
2% SDS 
2056 S u c r o s e 
2 mM EDTA 
10 mM Tris HCl (pH 8.0) 
Make upto 100 ml with distilled water 
4. 20% SDS 
5. 1.5% (w/v) APS 
6. 0.5% (w/v) TEMED 
7. Electrophoresis Buffer 
10 X Buffer (100 ml) 
20% SDS (10 ml) 
Make upto 1000 ml with distilled water. 
8. Gel Composition (per 10 ml of polymerising solution) -
Components 15% gel 
Concentrated acrylamide-bisacryla- 3.75 ml 
mide solution (41.5%) 
Distilled water 3.25 ml 
10 X Buffer 1.0 ml 
20% SDS 0.5 ml 
0.5% TEMED 0.5 ml 
APS (1.5%) 1.0 ml 
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was then poured into the mold formed by two glass plates 
(7x9 cm ) separated by a 1.5 mm thick spacer. Bubbles and 
leaks were avoided. A comb providing a template for 12 
sample wells was inserted into the gel solution before 
polymerisation began. The polymerisation was complete in 
about 2 hours. The comb was removed and the wells thus formed 
were washed and overlaid with distilled water. The samples 
for electrophoresis were prepared by mixing protein samples 
with equal volume of sample buffer and boiling the mixture 
for 3-5 minutes. 10 ul of protein samples were applied to the 
wells. Electrophoresis was carried out at 50 V for 
approximately 4 hours in Tris/EDTA/acetate buffer containing 
0.2% SDS, After the completion of the electrophoresis, the 
gels were immediately subjected to fixation and staining with 
coomassie brilliant blue as described by Fairbanks et al. 
(1971). The gels were treated with staining and destaining 
solutions in the following order. (1) 0.151^  coomassie 
brilliant blue R-250 in 255K isopropanol + 10X glacial acetic 
acid for 4 hours (2) Destaining of the gels was carried out 
for several hours with 10% glacial acetic acid until the blue 
background became clear. 
Tris-glycine system of Laemmli (1970) was also used for 
SDS-PAGE. Routinely a gradient gel of 3-155K acrylamide was 
used. Stock solutions of 20% acrylamide containing 0.8X bis-
acrylamide, 1M Tris (pH 8.8 and 6.8) and 10% SDS were 
64 
prepared. Protein samples were prepared to give a final 
concentration of ^% (w/v), SDS, 0.5% (v/v) 3-mercaptoethano1, 
0.0625M Tris HC.l pH 6.8 and 10SS (v/v) glycerol and a trace 
of bromophenol blue as a tracking dye. Samples were then 
heated in a boiling water bath for about 3 minutes. The 
electrode buffer contained 0.025 M Tris, 0.2 M glycine and 
0.2% SDS. The protein bands were detected by staining the 
gels with 0.^% coomassie brilliant blue R-250 in 40% methanol 
and 10% acetic acid. Destaining was carried out with 10% 
glacial acetic acid. 
ELECTROELUTION -
15% acrylamide gels were prepared by the method of Fairbanks 
et al . (1971) as described above. About 10 ul of protein 
sample (containing about 10 ug of purified CaM) was loaded in 
each well and electrophoresis was carried out at 50 V for 
approximately 4 hours. After electrophoresis, the gels were 
taken out, washed twice with distilled water and incubated in 
4M sodium acetate for 6 hours at room temperature. The opaque 
bands were visualised against a white background. The lanes 
containing the opaque bands were sliced transversely (1 cm 
slices) and washed several times in 20 mM Tris acetate pH 
7.4. Prior to electroelution_, the slices were macerated and 
homogenised in buffer mentioned above. The resulting 
suspension was taken in a dialysis bag and electroelution 
carried out in the electrophoretic buffer (Tris/EDTA/acetate 
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with 0.2% SDS) for 4 hours at 50 V at room temperature. This 
preparation was then centrifuged and the supernatant dialysed 
overnight against 20 mM Tris acetate pH 7.4. CaM activity 
was determined in the dialysed preparation. Control sample 
consisted of portions of the gel lacking the opaque bands and 
subjected to the treatment mentioned above. 
PURIFICATION OF CALMODULIN -
Preparation of membrane-free hemolyzate: Rbcs from fresh goat 
blood washed with normal saline were hemolysed by mixing 1 
volume of the cells with 14 volumes of 20 mM Tris HCl pH 
7.4. The resulting suspension was centrifuged at 12,000xg 
for 30 minutes to pellet out the membrane and the membrane-
free hemolyzate was obtained by careful decantation. 
Heat treatment: Appropriate volumes of the membrane-free 
goat hemolyzate were immersed in a boiling water bath for 5 
minutes with constant stirring and centrifuged to remove 
the coagulated proteins which were discarded. The supernatant 
was concentrated and used for further treatment. 
Gel filtration chromatography: A column of Sephadex G-100 
was prepared as recommended by Peterson and Sober (1962). 
Sephadex G-100 was allowed to swell in a suitable amount of 
distilled water for 5 hours in a boiling water bath. A glass 
column was mounted vertically and glass wool plugged along 
with glass beads at the bottom of the column. The column was 
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filled to one third of its length with the operating buffer 
(20 mM Tris HCl pH 7.4). The deaerated slurry was then gently 
poured into the column with the help of a glass rod. The 
column was left standing overnight and flow rate was 
subsequently increased gradually with the help of a stop 
cock. After accomplishing a constant rate of flow (higher 
than required for final elution) the column was adjusted to 
the required flow rate.The column was thoroughly washed with 
two bed volumes of operating buffer. In order to determine 
the uniform packing and void volume (VQ) of the column, 2.0 
ml of 2% (w/v) blue dextran was passed through the column. 
The buffer was carefully removed from the surface and protein 
sample applied. The volume of blue dextran or protein 
solution applied on the column was not more than 2-3X of the 
total bed volume of the column. 
CALCIUM LOADING OF RBCs -
The procedure of Smith et al. (1981) was followed to load the 
rbcs with calcium. A 5 mM stock solution of the calcium 
ionophore A23187 was prepared in dimethyl sulfoxide and was 
diluted 5-fold with 5mM Tris HCl pH 7.4 containing 0.06 M 
NaCl, 0.1 M KCl and 10 mM glucose (buffer K). Two ml of 50% 
rbc suspension in buffer K was mixed with the ionophore 
solution to get the appropriate final concentration. Suitable 
volumes from a stock solution of calcium chloride in buffer K 
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were added to give desired calcium concentration. The mixture 
was incubated for various time intervals at room temperature. 
The rbcs were subsequently washed thrice with buffer K 
containing 1 mM EDTA (pH 7.4) at 4° and once with buffer K 
without EDTA. Hemoglobin-free rbc ghosts were prepared from 
the washed cells by the method of Fairbanks et al. (1971) as 
described earlier. 
In order to check the reversibility of the effect of Ca^ 
loading on rbcs, the calcium loaded cells were incubated in 
1% BSA for 40 minutes and then ghosts were prepared. 
ASSAY OF ATPASE AND CALMODULIN -
ATPase assay was carried out as described by Raess and 
Vincenzi (1980) with slight modifications. Assay medium 
contained in a total volume of 2.0 ml, approximately 25-250 
ug membrane protein; 80 mM NaCl; 15 mM KCl ; 3 mM MgClg; 3 mM 
ATP; 18 mM Tris acetate pH 7.4; 0.1 mM ouabain; 0.1 mM EGTA 
with or without added 0.2 mM CaCl2-
Membranes were preincubated with the assay mixture 
lacking ATP for approximately 10 minutes and the reaction was 
initiated by the addition of ATP. Incubation was carried out 
at 37 for 60 minutes. The reaction was terminated by 
addition of 0.5 ml of 1.2 M PCA. The tubes were centrifuged 
and the supernatant was analysed for the released inorganic 
phosphate by the method of Fiske and Subbarow (1925). 
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Inorganic phosphate release was found to be linear with 
respect to time and proportional to the amount of membrane 
protein added. Membranes were usually assayed on the day 
after preparation. 
Enzyme activities were operationally defined. (Mg"*""*") -
ATPase was that activity found in the presence of 0.1 mM EGTA 
and absence of added CaClg- (Ca"*"*" - Mg"*"^ ) - ATPase was 
defined as the additional ATP splitting obtained upon the 
addition of CaCl2- (Na"*" - K"*" - Mg"*"^ ) - ATPase was the 
activity in absence of ouabain. Basal (Ca -Mg )„ ATPase 
activity was defined as that activity measured in the absence 
of added hemolyzate or CaM and activated (Ca'*"'"-Mg'''"*') - ATPase 
was that measured in presence of hemolyzate or CaM. The 
activity of CaM is the difference between basal and activated 
(Ca''"''-Mg"*"*') - ATPase. The activity of CaM was non-linear with 
time or with increasing concentration. Calmodulin activity 
was expressed as units and each unit represented the amount 
that stimulated the release of one nano mole inorganic 
phosphate per minute under standard conditions. 
QUANTITATIVE ESTIMATIONS -
Inorganic phosphate: The method of Fiske and Subbarow (1925) 
was used. Suitable aliquots of the sample were diluted to 5.0 
ml with distilled water. This was followed by addition of 
1.0 ml of 10 N PCA and 1.0 ml of 4% ammonium molybdate. The 
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solution was vortexed and incubated at room temperature for 
10 minutes. To this was added 1.0 ml of ANSA reagent 
(prepared by dissolving 30 g sodium bisulfite, 60 g sodium 
sulfite and 0.5 g ANSA in 250 ml water. Prior to use, 10 ml 
of this stock solution was diluted with distilled water to 25 
ml). After 30 minutes, the blue colour was read against a 
reagent blank in a Bausch and Lomb Spectronic 20 
Spectrophotometer at 660 nm. 
In some experiments, inorganic phosphate was determined 
by the method of Chen et al . (1956). For this purpose^ the 
ATPase assay was terminated by addition of 1.0 ml of ^0% SDS. 
Suitable aliquots of the sample were diluted to 0.6 ml with 
3.3* SDS. This was followed by addition of 1.4 ml of 
ammonium molybdate reagent (prepared by mixing 1 part of 10% 
ascorbic acid to 6 parts of 0.42% ammonium molybdate in 1 N 
H2S0^). The mixture was incubated for 20 minutes at 45° 
after which absorbance was read at 820 nm against a reagent 
blank. 
Protein: The estimation of protein was performed by the 
method of Lowry et al. (1951) using BSA as the standard. Rbc 
ghosts were dissolved in appropriate volume of 0.2% SDS 
solution in 5 mM Tris HCl pH 7.4 and suitable aliquots of the 
dissolved protein samples were diluted to 1.0 ml with 5 mM 
Tris HCl pH 7.4. To this was added 5.0 ml of freshly prepared 
copper reagent. After incubation for 10 minutes, 0.5 ml of IN 
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Folin's phenol reagent was added and the tubes were vortexed 
instantly. Absorbance of the developed blue colour was 
measured after 30 minutes at 660 nm against a suitable 
reagent blank. A calibration curve was prepared using BSA 
containing 0.2% SDS (Haest et al., 1981). 
Iron: The estimation of iron was performed by the method of 
Wong (1928) using Ferric ammonium sulfate as the standard. To 
1.0 ml of rbc membrane was added 1.0 ml of concentrated 
sulfuric acid, 1.0 ml of potassium persulfate and 1.0 ml of 
sodium tungstate. The solution was mixed thoroughly and 
centrifuged. To the supernatant was added 2.0 ml of potassium 
thiocyanate. After incubation for 10 minutes^the absorbance 
was read at 550 nm in a Bausch and Lomb Spectronic 21 
Spectrophotometer against a suitable blank. 
ATP : Fresh erythrocytes or those incubated as indicated were 
mixed with 1.0 ml of ice cold 12% TCA. The supernatant was 
obtained by centrifugation and ATP content determined by a 
Sigma ATP Diagnostic Kit No. 366A. Into a 0.3 mg NADH vial, 
the following solutions were pipetted out in the order 
indicated a) 1.0 ml PGA buffered solution (b) 1.5 ml water 
(c) 0.5 ml supernatant. The vial was capped and inverted 
several times to dissolve the NADH. The entire contents were 
then decanted into a cuvette and initial absorbances recorded 
at 340 nm using water as reference. Subsequently, 0.04 ml of 
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GAPD/PGK enzyme mixture was added to the cuvette and mixed by 
inversion. Final absorbance was then read at 340 nm. The 
readings were continued until minimum absorbance is reached 
which was recorded as final absorbance. ATP content was 
calculated from the values of the final and initial 
absorbance. 
Calcium: The calcium content of protein samples was 
determined by a microprocessor controlled GBC double beam 
atomic absorption spectrometer (Model 902). The instrument 
was calibrated using a standard calcium carbonate solution 
containing 2 mg/ml KCl as suggested by the manufacturers. 
ELECTRON MICROSCOPY -
Specimens of normal, calciurn-treated and ATP-depleted 
erythrocytes for electron microscopy were prepared according 
to Burns and Gratzer (1985). The cells were suspended to )0% 
hematocrit in Tris buffered saline. Equal volumes of the cell 
suspension and 2.5% glutaraldehyde were mixed and incubated 
at 15-20° for 1 hour. The cells were washed three times to 
remove the excess glutaraldehyde and a very thin film of the 
washed cells spread on a cover slip. It was dried and then 
washed twice successively with 5.0 ml aliquots of increasing 
concentration of acetone in water (20, 40, 60, 80 and 100X 
v/v). The cells were then coated with palladium gold alloy 
and examined in a Hitachi electron microscope at various 
magni fications. 
CHAPTER III 
ISOLATION AND GHARAGTERISaTION 
OF GOAT ERYTHROCYTE GALMODULIN 
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RESULTS 
ISOLATION AND PURIFICATION OF CALMODULIN FROM GOAT RED BLOOD 
CELLS -
The heat treatment as described in the text resulted in 23-
fold enrichment of CaM specific activity with 79% yield. The 
supernatant was concentrated and further fractionated on a 
Sephadex G-100 column. Fig.3 shows the elution profile of CaM 
from the Sephadex G-100 column. There was present a major and 
a minor protein peak and only the latter contained CaM 
activity. A further 19-fold purification was achieved in this 
step. The purification of CaM from goat rbcs is summarised in 
Table 2. As shown, the protein was purified 431-fold with 
an yield of about 30%. 
Homogeneity of CaM was determined by polyacrylamide 
gel electrophoresis performed in presence of SOS (Fairbanks 
et al . , 1971). The crude hemolyzate showed only a single 
diffuse band of hemoglobin (Fig.4, lane a) and upon heat 
treatment the hemoglobin band became faint and a new band 
appeared (lane b). The hemoglobin band disappeared after gel 
filtration on Sephadex G-100 and a single band was obtained 
(1ane c). 
In order to locate CaM activity, the purified protein 
was electrophoresed and the unstained gel was incubated in 4M 
sodium acetate for 6 hours. The protein band so visualised in 
Fig.3 
Sephadex G-100 gel filtration. The supernatant of the heat 
treated hemolyzate was concentrated and applied on a Sephadex 
G-100 column previously equilibrated with 20mM Tris acetate 
pH 7,4. The column was eluted with the same buffer and 5.0 ml 
fractions were collected. All fractions were assayed for CaM 
activity and protein content as described in text. 
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SDS-polyacrylamide gel electrophoresis. The electrophoretic 
pattern of different preparations of CaM in ^5% gel is shown. 
10 ug of each preparation was electrophoresed on the slab gel 
at 50 V at room temperature. Lane a, crude hemolyzate; lane 
b, heat-treated fraction; lane c, Sephadex G-100 fraction. 
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each lane was sliced and electrically eluted as described in 
text. The dialysed filtrate was used for the determination of 
CaM activity which could only be detected in regions of the 
gel corresponding to the protein band. 
PROPERTIES OF PURIFIED CALMODULIN -
Molecular weight: The molecular weight of the purified CaM 
was determined by gel filtration on Sephadax Q-100 (Andrews, 
1964) as well as by PAGE performed in the presence of SDS. 
For gel filtration studies^a 1x70 cm column was equilibrated 
with 20mM Tris acetate pH 7.4. The column was calibrated with 
BSA, hemoglobin, soyabean trypsin inhibitor, ribonuclease and 
cytochrome C of known molecular weights. About 2.0 mg of 
purified CaM was chromatographed on the same column and 
elution was performed with the equilibrating buffer. Five 
milliliter fractions were collected at a flow rate of 25 
ml/hr. The elution volume (Ve) of a given solute zone was 
taken in all cases as the effluent peak position of the 
solutes. The void volume (Vo) was calculated by measuring the 
effluent peak position of blue dextran 2000. A plot of Ve/Vo 
versus logarithm of molecular weight according to the 
procedure of Andrews (1964) gave a straight line (Fig. 5). 
The molecular weight of CaM calculated from this data was 
16,980. 
SDS-PAGE in presence of 0.2% SDS revealed a single 
distinct band (Fig. 6). The molecular weight of the protein 
F i g . 5 
M o l e c u l a r w e i g h t d e t e r m i n a t i o n o f c a l m o d u l i n by g e l 
f i l t r a t i o n on Sephadex G-100. The column was c a l i b r a t e d u s i n g 
t h e f o l l o w i n g marker p r o t e i n s . 1 , Cytochrome C, Mr 11 ,200 ; 2 , 
R i b o n u c l e a s e , Mr 13 ,700 ; 3 , Soyabean t r y p s i n i n h i b i t o r , Mr 
2 0 , 0 0 0 ; 4 , Hemog lob in , Mr 6 4 , 0 0 0 ; 5, Bov ine serum a l b u m i n , 
6 9 , 0 0 0 . C o n d i t i o n s o f g e l f i l t r a t i o n a r e d e s c r i b e d i n 





SDS-PAGE of the purified calmodulin. Sample containing about 
10 ug of the purified CaM was applied to an SDS-PAGE plate 
(15%) and the electrophoresis was performed. Molecular 
weight protein markers comigrating in lane a on the gel are 
1, Bovine serum albumin, Mr 66,000; 2, Ovalbumin, Mr 45,000 
3, Glyceraldehyde 3-phosphate dehydrogenase, Mr 36,000 
4, Carbonic anhydrase, Mr 29,000; 5, Trypsinogen, Mr 24,000 
6, Trypsin inhibitor, Mr 21,000; 7, o<^-Lactal bumi n, Mr 
14,200. Lane b contained the purified CaM. 
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was c a l c u l a t e d f r om i t s m o b i l i t y by t h e p rocedu re o f Weber 
and O s b o r n ( 1 9 6 9 ) . The m o b i l i t i e s o f m a r k e r p r o t e i n s 
d e t e r m i n e d under i d e n t i c a l c o n d i t i o n s were p l o t t e d a g a i n s t 
t h e l o g a r i t h m o f m o l e c u l a r w e i g h t ( F i g . 7 ) L e a s t s q u a r e 
a n a l y s i s of t h e d a t a i n d i c a t e d a l i n e a r r e l a t i o n s h i p between 
l o g M and r e l a t i v e m o b i l i t y ( R m ) . CaM e x h i b i t e d m o b i l i t y 
between t r y p s i n i n h i b i t o r and c < - l a c t a l b u m i n . The p o s i t i o n 
o f m i g r a t i o n c o r r e s p o n d e d t o a m o l e c u l a r w e i g h t of a b o u t 
15 ,500 . 
S t o k e s ' r a d i u s : The S t o k e s ' r a d i u s o f CaM was de te rm ined by 
t h e m e t h o d o f L a u r e n t and K i l l a n d e r ( 1 9 6 3 ) u s i n g g e l 
f i l t r a t i o n d a t a . 5 .0 mg each o f t h e marker p r o t e i n s (BSA, 
h e m o g l o b i n , soyabean t r y p s i n i n h i b i t o r , r i b o n u c l e a s e and 
cy tochrome C) were chromatographed on a 1 x 70 cm column o f 
Sephadex Q-100 e q u i l i b r a t e d w i t h 20mM T r i s a c e t a t e pH 7.4 as 
g i v e n a b o v e . The v a l u e o f Kav o f e a c h m a r k e r p r o t e i n was 
c a l c u l a t e d f rom t h e f o r m u l a 
Ve - Vo 
Kav = 
Vt - Vo 
by substituting the values of Ve (elution volume) 
Vo (void volume) 
and Vt (total volume of column) 
A graph of the square root of the negative logarithm 
of Kav versus Stokes' radius in nm gave a straight line 
Fig.7 
Molecular weight determination of calmodulin by SDS-PAQE. The 
conditions of electrophoresis and protein markers indicated 








(Fig.8). The Stokes' radius of CaM as calculated from this 
data was 2.1 nm. 
Effect of calmodulin on various human erythrocyte membrane 
ATPase: The activities of (Mg"^"^)-ATPase, (Na'^ -K'^ -Mg'*"'^ )-ATPase 
and (Ca'*"'*'-Mg"*"'")-ATPase present in human rbc membrane were 
determined as described in text in absence as well as 
presence of CaM. 50 ug of purified CaM was used to observe 
the stimulatory effect. (Mg"^ "^  )-ATPase and (Na"*"-K"'"-Mg'^ ''" )-
ATPase were unaffected, while (Ca'^'^-Mg'*""*')-ATPase was 
stimulated about 3-fold as shown in Table 3. 
Effect of calmodulin on (Ca'^"''-Mg'*"*")-ATPase of various 
mammalian species: Rbc membranes were prepared from human, 
goat, rat, rabbit and pig erythrocytes as described in text. 
The activity of (Ca"*"''"-Mg''"*")-ATPase in the membrane of each 
species was determined both in the absence and presence of 
CaM (50 ug). The stimulation in presence of CaM was 
calculated as given in Table 4. In absence of CaM, rabbit 
ghosts exhibited maximum basal (Ca'^ '^ -Mg'*'"*")-ATPase activity 
but the stimulation in presence of CaM was highest in case of 
rat membranes. 
Fig.8 
Determination of Stokes' radius of calmodulin by Laurent-
K i l l a n d e r p l o t . P u r i f i e d CaM and m a r k e r p r o t e i n s were 
sub jec ted t o gel f i l t r a t i o n as d e s c r i b e d e a r l i e r . The Kav 
va lues were computed f rom the e l u t i o n volume o f marker 
p r o t e i n s . S tokes ' r a d i i f o r 1 , Cytochrome c, 1.64 nm; 2, 
Ribonuclease A, 1.92 nm; 3, Bovine serum albumin, 3.55 nm. 
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TABLE 3 
Effect of calmodulin on various human erythrocyte membrane 
ATPases 
ATPase a c t i v i t y ( u n i t s * ) 
•Calmodulin +Calmodulin % S t imu la t i on 
(Mg"^"^)-ATPase 1.06 + 0.04 1.6 + 0.10 0 
(Na"*" -K"'"-Mg''"''")-ATPase 4.2 ± 0.31 4.2 ± 0.43 0 
(Ca"^ "^  - Mg"^"^)-ATPase 11.0 ± 0.95 34.0 ± 1.5 309 
50 ug o f p u r i f i e d c a l m o d u l i n used t o obse rve s t i m u l a t i o n . 
Each va lue i s expressed as t he mean + S.D. o f t r i p l i c a t e 
de te rm ina t ions . 
* Un i t - n moles Pi/mg membrane p r o t e i n / m i n . 
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TABLE 4 
Effect of calmodulin on the activity of erythrocyte membrane 
(Ca -Mg '*')-ATPase of various mammals. 
(Ca'^ '^ -Mg"''"'")-ATPase activity (units*) 






Each value represents the mean + S.D. of triplicate 
determinations. 
* Unit - n moles Pi/mg membrane protein/min. 
11 . 0 
5 . 5 
1 9 . 5 






0 . 9 1 
0 . 0 4 
1 . 2 0 
0 . 0 8 
3 4 . 0 ± 
0 
2 0 . 0 ± 
5 5 . 0 + 
3 0 , 0 + 
2 . 0 
1 . 5 








Intracellular Ca""" plays a very important role in human red 
cell physiology and metabolism. The effects of Ca''"''' are 
mediated through several enzyme systems which are completely 
dependent on CaM for their activity. Most of the Ca 
stimulated processes, however, appear to be absent from goat 
erythrocytes. These include Ca''"'''-medi ated shape changes 
(Eaton et al., 1977), Ca"*""*"-i nduced proteolytic and 
transglutaminase activities (Khan and Saleemuddin, 1988) and 
(Ca''"^ -Mg'^ '^ )-ATPase activity (Vincenzi, 1981). Since CaM 
exerts influence on these processes directly or indirectly, 
it was of interest to examine if the goat rbcs contain CaM 
and if this CaM differs significantly from that of human and 
other mammalian rbc CaMs. 
Goat rbc membrane exhibits very low (Ca'*"*'-Mg'*"*')-ATPase 
activity but adequate CaM activity as also reported by 
Vincenzi (1981). In studies conducted on goat rbc membrane, 
the activity of (Ca"'"'''-Mg''"''")- ATPase was found to be extremely 
low. Therefore, in order to assay goat CaM, human rbc 
membranes were used as a source of (Ca'*"^ -Mg'^ '^  )-ATPase. 
Isolated human rbc membranes show significant basal activity 
in absence of CaM (Larsen and Vincenzi, 1979). A marked 
stimulation of the basal activity of (Ca'^ ''"-Mg"'"'*')-ATPase was, 
however, observed using goat CaM thus confirming the earlier 
reports that CaM lacks species specificity (Cheung, 1980). 
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A 200% stimulation of the basal (Ca"*"*"-Mg'*"^  )-ATPase 
activity was seen in this study using crude hemolyzate. This 
was in accordance with the results of Bond and Clough (1973) 
who reported 250% activation at the highest concentration of 
hemolyzate used. With 50 ug of purified CaM added to the 
assay medium, the stimulation increased to 309X. Gopinath and 
Vincenzi (1977) had earlier reported 370% activation over the 
basal activity of human (Ca'*"'^-Mg'*"'')-ATPase with human 
erythrocyte CaM. Jarrett and Penniston (1977) also reported 
240% activation by hemolyzate which increased to 300% with 
purified CaM. 
Numerous attempts have been made during the last 
several years to isolate and purify CaM from various sources. 
The procedure employed here yielded 431-fold purified CaM 
with an yield of about 30% (Table 2). The scheme is simple 
and accomplished in two steps. In the first step, the 
membrane-free goat hemolyzate is heated to 100° in a boiling 
water bath for 5 minutes in view of the known thermal 
stability of CaM (Au and Lee, 1978). While hemoglobin and 
other proteins are denatured and coagulated by this 
treatment, CaM remained in solution and retained its 
activity. Some loss in CaM activity was, however, observed as 
shown in Table 2. This may be either due to the denaturation 
or loss of a fraction of CaM during filtration following the 
heating procedure. A comparable procedure involving heat 
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t reatment was used by Au (1978) t o i s o l a t e (Ca''"'''-Mg''"'")-
ATPase a c t i v a t o r from p ig rbcs and separate i t from (Ca"*"*"-
Mg'*""*")-ATPase i n h i b i t o r which i s hea t l a b i l e . L i k e w i s e , 
G o p a l a k r i s h n a and A n d e r s o n ( 1 9 8 2 ) u t i l i s e d a h e a t 
denatu ra t ion step to p u r i f y CaM from bovine b r a i n . The heat 
t r e a t m e n t was , h o w e v e r , used by t h e s e w o r k e r s a f t e r 
i s o e l e c t r i c p r e c i p i t a t i o n of b ra in homogenate a t pH 4 . 3 . This 
method al lowed 70-80% recovery of CaM wh i le removing 70% of 
c o n t a m i n a t i n g p r o t e i n s . The hea t t r e a t m e n t used i n t he 
present study resu l t ed in 2 3 - f o l d p u r i f i c a t i o n w i t h an y i e l d 
of 79%. 
The second s t e p o f p u r i f i c a t i o n i n v o l v e d t h e 
f r a c t i o n a t i o n of the concentrated supernatant on a Sephadex 
G-100 c o l u m n . T h i s s t e p r e s u l t e d i n a f u r t h e r 1 9 - f o l d 
p u r i f i c a t i o n to get e s s e n t i a l l y pure CaM ( F i g . 4 ) . Luthra e t 
a l . ( 1 9 7 6 a ) p a r t i a l l y p u r i f i e d t h e (Ca'^' ' '-Mg''""' ')-ATPase 
a c t i v a t o r from human e r y t h r o c y t e membrane-free hemolyzate by 
using CM-Sephadex C-50. The hemoglobin remained bound t o the 
column wh i le CaM passed through and was c o l l e c t e d i n the f low 
th rough. This procedure, however, r esu l t ed on ly in p a r t i a l 
p u r i f i c a t i o n . J a r r e t t and Penniston (1977) passed the post 
CM-Sephadex p r e p a r a t i o n t h r o u g h a DEAE-ce l1u lose column 
r e s u l t i n g i n a 4 7 5 - f o l d p u r i f i c a t i o n o f CaM. The 
e l ec t r opho res i s o f the column f r a c t i o n s , however, showed more 
than one p r o t e i n band. A s i n g l e band w i t h a Mr less than 
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20,000 whose presence coincided with the active fractions was 
predominant. Jarrett and Penniston in the following year 
(1978) were able to completely purify CaM from human rbcs. 
The procedure used by them was a rather elaborate 4-step 
scheme which involved DEAE-cellulose batch absorption, gel 
filtration on Sephadex G-100, a second DEAE-cellulose column 
chromatography and lastly, an ammonium sulfate precipitation 
step. 
The homogeneity of the preparation prepared in the 
course of the present studies was established by the 
appearance of a single major protein band in the gel 
filtration fractions and in 15% slab gels using SDS-PAGE 
(Fig.4). High acrylamide concentration was used keeping in 
mind the small dimensions of the CaM molecule. 
Electroelution of the single band in unstained gels gave CaM 
activity which further confirmed the homogeneity of the 
preparation. The relatively fewer fold purification required 
to achieve homogeneity from goat rbcsmay be related to their 
low hemoglobin concentration. 
LUthra et al . (1976a) had reported the approximate Mr 
of human rbc CaM to be below 50,000. In the subsequent 
years, various studies using sedimentation equilibrium, SDS-
gel electrophoresis, gel filtration chromatography have given 
Mr values in the range of 15,000-19,000 in both the presence 
and absence of Ca"*""*". The Mr of bovine brain CaM based upon 
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its amino acid composition is 16,700 (Watterson et al . , 
1980), based on sedimentation equilibrium data is 18,700 
(Klee et al . , 1980) and 15,000 (Lin et al . , 1974). SDS-PAGE 
conducted by Klee et al . (1979) gave a Mr of 16,500, The Mr 
of CaM as determined by SDS-PAGE in this study gave a value 
of 15,500 (Fig.7) and that determined by gel filtration is 
16,900 (Fig.5). Thus, there is remarkable agreement in 
molecular weight values as determined by various methods. The 
Stokes' radius of CaM as calculated from the gel filtration 
data by the method of Laurent and Killander (1963) is 2.1 nm 
which is identical with that of the human erythrocyte CaM 
(Fig. 8). 
Experiments were conducted on purified CaM to see its 
effect on the three ATPase viz., (Ca'*"*"-Mg'*"'*')-ATPase5 (Na•^ -K•^ -
Mg''"'^ )-ATPase and (Mg"*"*")-ATPase of human rbc membranes. Bond 
and Clough (1973) in their very early studies on rbc CaM had 
reported that human rbc hemolyzate containing CaM was unable 
to stimulate (Mg"^ "*")-ATPase and ( Na"*'-K''"-Mg'*'"*')-ATPase , but 
stimulated the activity of (Ca'*"^ -Mg'^ "'")-ATPase. This showed 
that CaM is a specific activator of (Ca''"'^ -Mg''"'^  )-ATPasa. 
Gopinath and Vincenzi (1977) in their work, also found no 
effect of CaM on (Mg'^ ''")-ATPase from human rbcs. Similar 
experiments conducted by Halloran et al . (1980) on (Mg )-
ATPase and (Na''"-K'*'-Mg'*'"*')-ATPase of rat rbc membrane showed 
lack of stimulation by CaM in crude or purified form. Our 
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observation with goat rbc CaM supports these observations 
fully (Table 3). 
The membrane ( Ca'^ '^ -Mg'*"'*") - ATPase present in adult 
erythrocytes obtained from various mammalian sources was 
stimulated in the presence of purified goat erythrocyte CaM. 
The degree of stimulation observed was, however, not 
identical as shown in Table 4. As reported earlier (Vincenzi, 
1981), goat rbc membranes contain barely detectable (Ca''"'''-
Mg )-ATPase activity and goat rbc CaM caused no significant 
increase in the activity of this enzyme. Other mammalian rbc 
membranes showed considerable (Ca'^ ''"-Mg'*"'')-ATPase activity 
which was significantly stimulated by CaM. 
The goat rbc CaM also appears to be identical with the 
other CaMs (Klee et al., 1980; Vincenzi, 1981) in its ability 
to bind calcium. It was calculated from atomic absorption 
data that approximately 4 atoms of Ca bound to each molecule 
of CaM in its fully saturated form. 
These studies indicate that goat rbc CaM is not 
significantly different from that occurring in rbcs and other 
tissues of other mammals. Lack of the Ca''"'*'-mediated effects 
in goat rbcs, therefore, may not be related to a defective or 
abnormal CaM. 
CHAPTER IV 
EFFECTS OF GALGIUM AND FLUORIDE 
ON ATP LEVEI, AND SHAPE OF GOAT 
AND HUMAN ERYTHROGYTES 
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RESULTS 
Effect of calcium loading on cellular ATP of goat and human 
rbcs: Freshly collected goat and human rbcs washed thrice 
with normal saline were suspended in an assay medium 
containing CaCl2 and the calcium ionophore A23187 at 37° as 
described. After various incubation intervals, the ATP 
levels of the rbcs were measured using a Sigma Diagnostic kit 
as described in text. ATP levels of the goat rbcs were 
markedly lower than those of human rbcs. In our experiments^ 
freshly obtained human rbcs were shown to contain 1.42 mmol/1 
packed rbcs ATP while same volume of packed goat rbcs contain 
0.17 mmol/1. Fig.9 shows the Ca"*"^ - dependent, ATP depletion 
pattern observed in goat and human rbcs. There was a time-
dependent loss of ATP in the human rbcs and after 60 minutes 
of incubation the ATP levels fell to about 105i^  of the normal 
cells. However, in goat rbcs, there was no significant 
decrease in ATP levels over the duration of experiment. This 
suggests the lack of rapid ATP utilisation in the goat rbcs 
under these conditions, presumably due to the lack of (Ca**"*" 
- Mg''"'")-ATPase in these cells. 
The rbcs treated as above were hemolysed and 
hemoglobin-free rbc membranes prepared which were subjected 
to SDS-PAGE on 3-15% gradient gel (Laemmli, 1970). Fig.10 
shows the membrane protein profile of the calcium-
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Calcium-induced a l t e r a t i o n on ATP levels o f goat and human 
rbcs ; Rbcs c o l l e c t e d from f resh goat and human blood were 
washed t h r i c e w i t h normal s a l i n e . They were suspended in an 
assay medium con ta in i ng 20mM T r i s HCl pH 7.4 ; 140 mM KCl ; 2 
mM MgCl2 ; 0 . 1 mM o u a b a i n and 0.2mM C a C l 2 . A f t e r a 
p re incuba t ion of 5 minutes the ca lc ium ionophore A23187 (3.8 
uM) i n e thane ! was added. I n c u b a t i o n s were pe r f o rmed f o r 
15,30 and 60 minutes fo l l owed by a d d i t i o n of equal volume of 
i c e - c o l d 12% TCA. The suspension was mixed wel l and al lowed 
to stand in an icebath f o r approx imate ly 5 minutes and then 
c e n t r i f u g e d . ATP l e v e l s were determined in the supernatant 
by a Sigma Diagnost ic K i t No.366-UV as given in 'Methods ' . 
The c u r v e s w i t h h o l l o w and d a r k c i r c l e s r e p r e s e n t ATP 
d e p l e t i o n p a t t e r n o f human and g o a t e r y t h r o c y t e s 
r e s p e c t i v e ! y . 
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Fig.10 
Effect of calcium loading on the membrane polypeptides of 
goat and human rbcs. Erythrocyte membranes were prepared 
from rbcs loaded with 0.2mM CaClg in presence of ionophore 
A23187 as described in the legend to Fig.9. SDS-PAQE was 
performed on 3-15X gels and Panels A and B show the Ca"*""*"-
treated human and goat membranes respectively. Lane a, normal 
membrane, lane b, c and d membranes from rbcs treated with 
Ca for 15, 30 and 60 minutes. The Mr. of goat rbc membrane 
polypeptides were calculated using the Mr values of human rbc 
membrane polypeptides as standard. Approximately 20 ug 
membrane protein present in about 5 u1 electrophoresis sample 
was loaded in each well. 
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treated human (Panel A) and goat rbcs (Panel B). A decrease 
in the intensity of band 3, band 4.1 and band 4,2 is seen in 
lanes b,c and d of Fig.11 A which indicate Ca"*"*"-i nduced 
proteolysis in human rbc membrane. No significant 
crosslinking was observed under these conditions. In case of 
goat rbcs no significant difference in the polypeptide 
pattern of the membrane of Ca"^"*"- treated and untreated rbcs 
is observed indicating the absence of Ca"^  -stimulated 
crosslinking and proteolysis. 
Fluoride-induced ATP depletion in goat and human rbcs: Fresh 
goat and human rbcs were suspended in Tris buffered saline 
containing 25mM sodium fluoride as described. Fig. 11 gives 
the ATP level remaining in the rbcs after 1,2 and 3 hours of 
incubation with fluoride. There is a time-dependent decrease 
in ATP levels of human as well as goat erythrocytes. Although 
the decrease in ATP level was less in the goat cells; the 
goat rbcs contain approximately 42% and human rbcs 23% ATP at 
the end of 3 hours incubation. The observed decrease in ATP 
indicates the fluoride-induced inhibition of glycolysis in 
both goat and human rbcs. 
Estimation of calcium in goat rbcs: The calcium content of 
normal and calcium-treated rbcs was measured by atomic 
absorption spectrometry as described in text. The calcium 
content of goat rbcs is about 3 times higher than human rbcs 
(Fig.12). When goat erythrocytes are incubated with 0.2 mM 
Fig.11 
Flouride-induced ATP depletion in goat and human rbcs. Fresh 
rbcs washed several times in normal saline were suspended in 
5mM Tris HCl pH 7.4 containing 0.9* NaCl (Tris buffered 
saline) with 25mM NaF. The suspensions were incubated at 37° 
for 1,2 and 3 hours. The treated rbcs were rapidly washed 
several times with Tris buffered saline and equal volume of 
ice-cold 12515 TCA added. After chilling in an ice bath for 5 
minutes the suspension was centrifuged and the supernatant 
analysed for ATP. The hollow and dark circles represent the 




TIME ( h o u r s ) 
Fig.12 
Estimation of calcium in goat rbcs. Fresh goat rbcs washed 
with normal saline were suspended in an assay medium 
containing 0.2mM CaCl2- Details of the experiment given in 
legend to Fig.9. After incubation in presence of ionophore 
for 15,30 and 60 minutes the rbcs were washed several times 
with buffer K and then hemolysed with 10 volumes of 5mM Tris 
HCl pH 7.4. The calcium content of the samples was determined 
by a GBC double beam atomic absorption spectrometer model 
902. The equipment was calibrated with a standard calcium 
carbonate solution. In addition, 2 mg/ml KCl was included in 
each sample before the estimation as suggested by the 
manufacturers. 
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CaCl2 in presence of ionophore for varying time intervals^ 
there is a 2-fold increase in the internal calcium 
concentration. 
Electron microscopy of the goat and human rbcs: The goat and 
human rbcs exposed to Ca"*"*" and ionophore or to fluoride;, 
visualised in a Hitachi scanning electron microscope as 
described in the text, were compared with the respective 
normal cells. Fig.13 gives the picture of normal human and 
goat rbcs. The human rbcs appeared characteristically 
biconcave (Panel A) while the goat rbcs appeared markedly 
smaller in size with triangular or irregular shapes (Panel 
B). Human rbcs treated with 0.2 mM CaClp undergoes very 
drastic morphological changes resulting in the echinocyte 
formation (Fig. 14 A). The disc shape of the cell is lost and 
crenated forms are seen with spikes over the surface of the 
cells. Samples treated with higher calcium concentrations 
(Fig. 14 B and Fig. 14 C) exhibited complete conversion of 
discocytes to echinocytes. 
The Ca"*"*"- treated goat rbcs fail to undergo any shape 
change (Fig.15) However, in samples treated with 2 mM CaClg. 
some cells exhibit small protrusions (Fig. 15C) 
Fluoride-induced>ATP-depleted human rbcs undergo 
morphological changes and stomatocytes (cup shaped rbc) and 
echinocytes are visible (Fig.16 A). The transformation 
observed here is less complete as compared to Ca"*"^ -treated 
Fig.13 
Electron microscopy of normal human and goat rbcs. 
Erythrocytes obtained From fresh human and goat blood were 
washed several times with normal saline. Samples for electron 
microscopy were prepared as described in 'Methods'. A, normal 
human rbcs at a magnification of 2550. Bar 20 urn. B, normal 




Electron microscopy of calcium-treated human rbcs. Fresh 
human rbcs were loaded with Ca"*""*" for 2 hours as described in 
legend to Fig.9. The cells were washed with Tris buffered 
saline, fixed with glutaraldehyde and dehydrated for electron 
microscopy as described. Panel A and B represent human rbcs 
treated with 0.2mM and 1mM CaCl2 at a magnification of 2550, 
bar 20 urn. Panel C, rbcs treated with 2 mM CaCl2 at a 




Electron microscopy of calcium-treated goat rbcs. Details of 
the experiment are identical with those described in Fig.14. 
Panel A, B and C represent goat rbcs treated with 0.2, 1 and 




Electron microscopy of fluoride-induced^ ATP-depleted human 
and goat rbcs. Freshly obtained human and goat rbcs 
suspended in Tris buffered saline containing 25mM NaF were 
incubated at 37° for 2 hours following which the cells were 
washed several times with Tris buffered saline. Samples were 
prepared for electron microscopy as described before. 
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rbcs. In case of goat rbcs, no significant alteration in shape 
was observed even as a result of ATP depletion, although some 
cells did exhibit small protrusions (Fig. 16B), 
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DISCUSSION 
It is generally thought that all plasma membranes 
actively extrude Ca"*""*" from the cytosol and that this process 
is linked to the activity of a membrane bound (Ca -Mg )-
ATPase (Vincenzi and Hinds, 1980). The enzyme plays an 
important role in the regulation of intracellular Ca 
(Carafoli and Crompton, 1978). In an apparent contradiction 
to this observation, Vincenzi (1981) reported lack of 
activity of (Ca"'"'"-Mg''"''")-ATPase in the isolated plasma 
membranes of goat rbcs. Attempts to show the interaction and 
activation of (Ca''"^-Mg'*"'")-ATPase of isolated dog rbc 
membranes with CaM were also unsuccessful (Schmidt et al . , 
1985). Hinds and Vincenzi (1986) later on, gave evidence for 
a CaM-activable Ca''"'*"-pump in intact dog rbcs. 
The (Ca -Mg"*"*")-ATPase of intact human rbc is activated 
by the bivalent cation ionophore A23187 which is known to 
alter calcium flux and to effect equilibration of Ca'*"'' across 
biological and artificial membranes (Scarpa et al . , 1972; 
Sordahl , 1975). Addition of ionophore resulted in the Ca"*"*"-
dependent utilisation of ATP by the (Ca''""*'-Mg"''"'")-ATPase 
(Taylor et al., 1977; Vincenzi and Cambareri, 1985). 
Stimulation of the (Ca'^ ''"-Mg''"'')-ATPase in intact rbc allows 
study of the enzyme in the absence of gross biochemical 
changes brought about by membrane isolation procedures. This 
lO'l 
kind of study without disruption of the rbc gives a truer 
reflection of the enzyme activity. Using this technique, 
Hinds and Vincenzi (1986) were able to provide evidence for a 
CaM-stimulated Ca'^ "''-pump in dog rbc. As evident from 
Fig.9 .the goat rbcs retained all the ATP even after 60 
minutes of incubation with Ca"*""^  and ionophore while only 10% 
ATP remained in human rbcs under similar conditions. On the 
other hand, fluoride treatment of the goat and human rbcs 
caused 58% and 77X ATP depletion respectively (Fig.11). This 
further substantiates evidence for the lack of (Ca -Mg )-
ATPase in goat rbcs. Absence of this enzyme or very low 
levels of it are likely to lead to high intracellular Ca"*"*" 
concentration. Atomic absorption spectroscopy showed that 
goat rbcs contain 3 times more Ca"*"*" as compared to human 
cells. This is comparable to the report of Khan and 
Saleemuddin (1988) who found goat rbc to contain 3-5 times 
more Ca than its human counterpart. It was also shown that 
hemolyzates of goat rbcs treated with Ca"*"^  and ionophore were 
capable of stimulating human rbc transglutaminase activity. 
Ca accumulation, albeit small, is observed in goat rbcs as 
a function of time. (Fig. 12) In case of human rbcs, 
equilibration has been shown to occur within 15 minutes of 
incubation in presence of Ca"*"*" (Edmondson and Li, 1976-, 
Tiffert and Lew, 1986). Evidently the goat cells do contain a 
system for the elimination of excess calcium even though they 
lack (Ca'^ '^ -Mg'^ "^ )-ATPase. In dog rbc, low intracellular Ca"*"^  
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levels are maintained by Na'^'-Ca"'"'*" exchange (Parker, 1979). A 
similar process may be operational in the goat rbcs also. The 
membranes obtai ned from Ca"*"*"-treated human rbcs showed 
proteolysis of the polypeptides 4.1 and 4.2 as well as band 3 
(Fig.10, Panel A). In case of goat samples^no proteolysis or 
crosslinking of membrane proteins could be seen (Panel B). 
It has been known for a number of years that the shape 
of human erythrocytes is dependent on intracellular ATP and 
Ca"^ "^  concentration (Nakao et al . , 1960; Weed et al . , 1969). 
In this study electron microscopy was performed to observe 
the morphological changes taking place in ATP-depleted goat 
and human rbcs. ATP depletion induced by Ca"*""^  brought about 
drastic change in the shape of human rbcs. The disc shaped 
rbcs were converted to crenated forms called echinocytes at 
all concentrations of calcium used (0.2 - 2.0 mM) (Fig.14). 
This observation is in accordance with the results of Palek 
et al . (1974) and Sheetz and Singer (1977). Smith et al . 
(1981) observed that the Ca"*"*"-i nduced shape changes can 
become irreversible in a relatively short period of time and 
even washing with EDTA and serum albumin did not 
significantly alter the number of echinocytically transformed 
cells. The exposure of rbcs to inhibitors of 
transglutaminase-catalysed crosslinking prior to and during 
loading with Ca"*""*" greatly reduced the number of irreversibly 
transformed cells. The retention of echinocytic shape and 
change in cellular deformabi1ity is related to the 
io(-
transglutaminase-catalysed fusion of membrane proteins (Smith 
et al . , 1981). ATP depletion induced by fluoride also 
brought about the transformation of discocytes to cup shaped 
stomatocytes and echinocytes (Fig.16, Panel A). 
Sheetz and Singer (1977) have given evidence that the 
ATP-dependent shape transformation of the cells is linked to 
changes in interactions within the spectrin network. These 
changes in turn appear to be regulated by phosphorylation 
(Birchmeier and Singer, 1977). Since phosphorylation of 
spectrin in vitro neither perturbs the dimer-tetramer 
equilibrium nor causes the spectrin to associate beyond the 
tetramer, it can be inferred that ATP-dependent shape changes 
in the membrane are based on the control of interaction of 
spectrin with another protein, presumably actin (Ungewickell 
and Gratzer, 1978). In presence of ATP, the band 2 of 
spectrin undergoes phosphorylation and this process appears 
to mediate the interaction between spectrin and actin (Pinder 
et al . , 1977) which in turn probably controls the ATP-
dependent shape changes. 
Goat rbcs which are naturally triangular, irregular and 
much smaller in size than those of human,displayed no change 
in their shape or structure when treated with calcium 
(Fig.15). This finding provides evidence for the unusual 
recalcitrance for Ca"^ "*"-induced shape change by these cells. 
It is of interest to point out here that newborn sheep rbcs 
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exhibit morphological changes when Ca"*" -induced ATP depletion 
was brought about (Eaton et al. , 1978). Fluoride treatment 
could not bring about significant transformation of the rbcs 
(Fig. 16, Panel B) although 585^  ATP is depleted under these 
conditions. In a recent study it was seen that lowering of 
ATP levels by metabolic starvation decreased the critical 
cell volume and vice versa (Mosior et al . , 1990). They 
suggest that the ATP-dependent effect on the critical cell 
volume was caused by an alteration of the membrane 
extensibility due to the change of the membrane skeleton-
lipid bilayer interactions. 
A surprising observation made by Lange et al . (1980) 
was that 'retailoring' some phosphatidyl choline species 
caused a change in cell shape. The cells turned echinocytic 
when the disaturated phosphatidyl choline content was 
increased and stomatocytic on introduction of dilinoleoyl 
phosphatidyl choline which is conie shaped. These changes in 
shape are proposed to result from differences in the geometry 
of the individual phosphatidyl choline molecules suggesting 
that replacement of one species by another may disturb the 
pre-existing packing of lipid molecules within the membranes 
(Op den Kamp et al., 1985). 
Goat rbc membranes are known to lack phosphatidyl 
choline and earlier studies have shown that goat rbcs fail 
to undergo calcium and phosphate-induced fusion (Farooqui et 
JO^ 
al., 1987). Since the spectrin and actin appear to 
be quite normal in goat rbcs as observed in the preliminary 
experiments performed in the latter part of this study, the 
inability of these cells to undergo shape changes may somehow 
be related to the lack of phosphatidyl choline in the 
membrane. 
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RESULTS 
ATPase activities and polypeptide compositions of hypotonic 
and isoionic goat and human rbc membranes: Goat and human rbc 
membrane prepared by hypotonic lysis (Fairbanks et al., 1971) 
as well as by isoionic lysis using glycol {Billah et al., 
1976) were assayed for the activity of various ATPase (Raess 
and Vincenzi, 1980). Table 5 gives the (Mg"^ "*")-ATPase, (Na"*"-
K'^ -Mg'^ ''")-ATPase and (Ca'^ "*"-Mg'*"'*")-ATPase activities of the 
various preparations. In all cases, the enzyme activities are 
higher in the hypotonic preparations especially in case of 
the human rbc ghosts. The (Ca'*"''"-Mg'*"'')-ATPase activity is 
negligible both in hypotonic and isoionic goat rbc membranes. 
Fig.17 gives the SDS-PAGE profile of hypotonic and isoionic 
membrane preparations of goat and human rbcs on a 3-15% 
gradient gel (Laemmli, 1970). It can be seen from the figure 
that band 2.2 is more intense in the ethylene glycol 
membranes of goat (Panel B) as well as human rbcs (Panel A). 
Band 6 is characteristically absent in the isoionic membranes 
(lane b). In addition, bands of 4.5 region and bands 5,7 and 
8 appear to be less intense in the isoionic preparations. In 
case of goat isoionic membranes band 160,000 and band 3 are 
less intense. 
Effect of time on the (Ca"*"'"-Mg'*'"'')-ATPase activity of calcium 
loaded rbcs: Freshly obtained goat and rat blood and freshly 
outdated human blood has been used for these experiments. The 
procedure of Smith et al. (1981) was followed for Ca"*""*" 
loading of rbcs. Intact rbcs were incubated with 0,5 mM CaClp 
no 
TABLE 5 
ATPase activities of rbc membranes prepared by hypotonic and 
isoionic procedures. 
GOAT HUMAN 
HYPOTONIC ISOIONIC HYPOTONIC ISOIONIC 
(Mg"^ "^ )-ATPase 2.63 + 0.03 2.52±0.04 6.50+0.71 4.45+0.25 
(Na'^ -K'^ -Mg"*"'^ )-ATPase 6.13±0.81 5.04 + 0.07 11.13±1.30 7.13+0.75 
(Ca'^ '^ -Mg'^ '^ )-ATPase 1.07+0.04 0 + 0.05 35.24+4.50 17.20+1.25 
Each value represents the mean + S.D. of triplicate determina-
tions . 
Fig.17 
Polypeptide composition of hypotonic and isoionic membranes 
of human and goat rbcs. Hypoionic (normal) membranes of 
human and goat rbcs were prepared using 5mM Tris HCl pH 8.0 
and isoionic membranes were prepared using 2M glycol in 
isoionic medium as described in 'Methods'. SDS-PAGE of all 
samples was performed on a 3-15« gradient gel. Fig.17 A and B 
represent the polypeptide profiles of human and goat rbc 









and 20 uM ionophore A23187 for 1,2,4 and 6 hours at room 
temperature (25°) as described in 'Methods'. The Ca'*"^ -treated 
rbcs were then washed, hemolysed and centrifuged. The ghosts 
were washed several times with 5 mM Tris HCl pH 7.4 
(Fairbanks et a1 . , 1971) and subjected to the (Ca -Mg )-
ATPase assay (Raess and Vincenzi, 1980) in absence and 
presence of added partially purified CaM (heat-treated, 
concentrated hemolyzate). SDS-PAGE was also performed on a 
3-15% gradient gel (Laemmli, 1970). 
The enzyme activity profile of membranes from Ca 
treated goat, human and rat rbcs is given in Fig.18. Goat rbc 
membranes exhibited no significant (Ca'*"'*"-Mg''""*")-ATPase 
activity and there was only marginal rise of the activity 
even after 6 hours of incubation with Ca"*"*" and ionophore 
(Fig.18A). In human erythrocyte membrane, however, there was 
a time-dependent stimulation in the (Ca'*"'^ -Mg"'"'^ )-ATPase 
activity that reached a peak in 2 hours (Fig.18 B). At this 
time about 50% increase above the basal activity level is 
observed. Subsequently, the enzyme activity declined and at 
the end of 6 hours incubation^the membrane (Ca"*"''"-Mg'^ '^ )-ATPase 
showed a 2^% decrease as compared to that of control 
membranes. The membrane associated (Ca'^ '*"-Mg'^ ''')-ATPase did not 
lose CaM sensitivity as a result of Ca"^ "*" loading and the 
stimulatory effect of CaM could be clearly observed at all 
the points investigated in this experiment. The magnitude of 
Fig.18 
Effect of time on the (Ca'^ "^ -Mg+'^ )-ATPase activity of calcium 
loaded goat, human and rat rbcs. Goat, human and rat rbcs 
washed several times with normal saline were mixed with an 
equal volume of buffer K (0.06 M NaCl , 0.1 M KCl and lOmM 
glucose in 5 mM Tris HCl pH 7.4). To this suspension was 
added CaCl2 and ionophore A23187 to a final concentration of 
0.5mM and 20 uM respectively and incubated for 1,2,4 and 6 
hours at room temperature (25°). The rbcs were subsequently 
washed thrice with buffer K containing ImM EDTA (pH 7.4) at 
4° and once with buffer K without EDTA. Hemoglobin-free rbc 
ghosts were prepared and subjected to (Ca -Mg )-ATPase 
assay in absence and presence of partially purified CaM. 
Panel A, B and C represent curves for goat, human and rat 
samples respectively. The hollow and dark circles represent 
the activity of (Ca'^ '*"-Mg''"'*')-ATPase in absence and presence of 
partially purified CaM respectively. 
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the stimulatory effect of CaM observed was also comparable in 
samples treated for various time intervals with Ca"*"^  and the 
ionophore. Calcium loading of rat erythrocytes also resulted 
in significant effects on (Ca'*"'^-Mg"*"*')-ATPase activity 
comparable to those of humans. The Ca """-treated rat membranes 
could not be made completely free of hemoglobin, hence iron 
estimation was done (Wong, 1928) and hemoglobin value 
determined. The difference between total membrane protein and 
hemoglobin was used for enzyme activity calculations. There 
was a time-dependent stimulation of (Ca'^ '^ -Mg'^ "'")-ATPase in 
presence of Ca with a maximum between 2 and 4 hours where a 
104^ increase above the basal activity is observed. The 
stimulatory effect of CaM as in case of human erythrocyte 
membrane was also not lost as a result of calcium treatment 
(Fig. 18 C). The activation of the human (Ca"^ "'"-Mg"'"'*')-ATPase 
in presence of Ca"*"*" followed by inactivation was found to be 
irreversible as the observed effects could not be reversed by 
washing the cells with albumin which is known to remove 
ionophore from the rbcs (Sarkadi et al., 1976). 
Effect of calcium on (Ca^ -Mg"*""*')-ATPase activity of hemolysed 
rbcs: The procedure of Carraway et al . (1975) was followed 
for Ca"^"*" treatment of hemolysed rbcs of goat, human and rat. 
The rbcs were mixed and incubated with 10 volumes of 5 mM 
Tris HCl pH 7.4 containing 0.5 mM CaCl2, for 1,2,4 and 6 
hours at room temperature (25°). The hemolyzates were 
centrifuged and the membranes isolated, washed and subjected 
1} 
to (Ca '*"-Mg''"^ )-ATPase assay. 
The effect of Ca"^"*" treatment on the (Ca'*"*"-Mg'^ '^ )-ATPase 
activity is given in Fig. 19. Goat enzyme was not stimulated 
as a result of this treatment (Fig. 19 A ) , whereas the 
incubation of human hemolyzate with Ca"^"*" resulted in a time-
dependent loss in (Ca'*"*"-Mg'*"*')-ATPase activity over a period 
of 6 hours. Although CaM-stimulated activity also showed a 
decrease, this was higher than the unstimulated enzyme at 
all the time points investigated (Fig. 19 B). In order to 
observe the effect of exogenous CaM, the human rbc hemolyzate 
containing the membranes were incubated as described above in 
presence of 2.5 mM CaClp and where indicated exogenous 
partially purified CaM was added. The enzyme activity 
decreased with time as observed for 0.5 mM CaCl2. However, 
at this concentration there is an apparent small decrease in 
CaM sensitivity of the enzyme in samples incubated for longer 
time intervals with Ca"*" . Addition of exogenous CaM, 
however, failed to produce any significant effect on the 
(Ca'^ '^ -Mg'*"*" )-ATPase activity (Fig.20). When rat rbc 
hemolyzate were incubated with Ca"*""*", (Ca'*"'*'-Mg''"*" )-ATPase 
indicated an increase in activity till 2 hours of incubation. 
This was followed by a decline and the activity of enzyme is 
almost completely lost after 4 and 6 hours of incubation. 
However, the stimulatory effect of CaM was not completely 
abolished even after 6 hours Ca"*" treatment. 
F i g . 1 9 
E f f e c t o f c a l c i u m on t h e (Ca'*"' ' '-Mg"*"*')-ATPase o f h e m o l y s e d 
g o a t , human and r a t r b c s . Goat , human and r a t r bcs were 
hemolysed w i t h 10 volumes o f 5 mM T r i s HCl pH 7.4 c o n t a i n i n g 
0,5mM CaCl2 and i n c u b a t e d f o r 1 , 2 , 4 and 6 h o u r s a t room 
t e m p e r a t u r e ( 2 5 ° ) . S u b s e q u e n t l y , 5 mM T r i s HCl pH 7 . 4 
c o n t a i n i n g ImM EDTA was added i n excess and t h e hemolyza tes 
were c e n f c r i f u g e d . The i s o l a t e d membranes w e r e washed and 
s u b j e c t e d t o (Ca'^"*'-Mg'^'^ ) -ATPase a s s a y . P a n e l A, B and C 
r e p r e s e n t c u r v e s f o r g o a t , human and r a t s a m p l e s 
r e s p e c t i v e l y . The h o l l o w c i r c l e s r e p r e s e n t a c t i v i t y i n 
absence o f added CaM w h i l e t h e dark c i r c l e s p r e s e n t a c t i v i t y 
i n presence o f p a r t i a l l y p u r i f i e d CaM. 
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Fig.20 
Effect of exogenous calmodulin on human rbc membrane (Ca"*^ -^
Mg )-ATPase. Human rbcs were hemolysed with 10 volumes of 5 
mM Tris HCl pH 7.4 containing 2.5mM CaClp. This suspension 
was incubated in absence and presence of partially purified 
CaM for 1,2, 4 and 6 hours. Subsequently, 5 mM Tris HCl pH 
7.4 containing 1 mM EDTA was added in excess and the 
hemolyzates were centrifuged. The membranes isolated thus 
were washed free of hemoglobin and subjected to (Ca -Mg )-
ATPase assay in absence and presence of partially purified 
CaM. Hollow circles and triangles represent activity in 
absence of exogenous CaM. In case of hollow triangles, 
however, CaM was added during the enzyme assay. Similarly, 
dark circles and triangles represent enzyme activity of 
membrane samples incubated in presence of exogenous CaM. In 
case of dark triangles CaM was also added during the enzyme 
assay. 
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Effect of calcium loading on rbc membrane proteins: The 
membranes obtained from the Ca^ "*" loaded rbcs were subjected 
to SDS-PAGE on a 3-15% gradient gel (Laemmli, 1970). Fig. 21 
shows the SDS-PAGE profile of membrane polypeptides obtained 
from Ca"^"*" loaded goat, human and rat rbcs incubated for 
varying time intervals in presence of ionophore. It is 
obvious from the figure that Ca'*""^ -mediated crossl inking or 
proteolysis is absent in goat rbcs (Fig. 21A). In case of 
human rbcs, time-dependent increase in crosslinking of 
proteins was observed over a period of 6 hours (Fig. 21 B). A 
high molecular weight adduct is seen on top of the lanes 
-f-f 
containing the Ca-treated samples specially those incubated 
for longer periods with Ca"*"^ . The intensity of this adduct 
increases with time upto 6 hours and proteolysis of membrane 
proteins was also quite obvious in these membrane 
preparations. The spectrin, band 3 and band 4.1 become less 
intense as a result of this treatment. Fig. 21 C shows the 
SDS-PAGE profile of membrane from rat rbcs loaded with 0.5 mM 
CaClj in presence of ionophore. Marked changes in the protein 
pattern are observed on Ca''"''" treatment as compared to normal 
membrane. The spectrin is almost completely degraded and 
there was a marked diminution in band 2.1, band 3 and band 4. 
In addition, the high molecular weight adduct is also seen. 
High Ca -stimulated activity has been known to be present in 
rat rbcs (Kosower et al . , 1983) which lends support to the 
results obtained here. 
F ig .21 
E f f e c t of c a l c i u m l o a d i n g on t h e membrane p o l y p e p t i d e s of 
goat , human and r a t rbcs. Samples o f h e m o g l o b i n - f r e e rbc 
membrane p repa red as g i v e n i n legend t o F i g . 1 8 were s u b j e c t e d 
t o SDS-PAGE on a 3-15% g r a d i e n t g e l . Panel A,B and C c o n t a i n 
t h e m e m b r a n e s d e r i v e d f r o m g o a t , human and r a t r b c s 
r e s p e c t i v e l y . Lanes a , b , c , d and e r e p r e s e n t ghos ts o b t a i n e d 
f rom rbcs t r e a t e d f o r 0 , 1 , 2 , 4 and 6 hours r e s p e c t i v e l y w i t h 
0 .5 mM CaCl2. 
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Effect of methyl amine pretreatment on the human rbc membrane 
(Ca -Mg )-ATPase activity: The intact human rbcs or the 
rbc hemolyzate were preincubated with 20mM methylamine for 1 
hour (Smith et a1 , , 1981) prior to the Ca"^ "*" treatment (0.5mM, 
2 hours) as described above. (Ca"'""*"-Mg'^ '*')-ATPase assay and 
SDS-PAGE were performed. 
Table 6 gives enzyme activity of membranes prepared 
from intact rbcs as well as hemolysed rbcs treated with 
methylamine. It can be seen from the table that methylamine 
does not abolish the Ca''"'''-mediated alteration in (Ca -Mg )-
ATPase activity or its sensitivity to CaM. 
Fig.22 gives the membrane profile of intact and 
hemolysed rbcs preincubated with methylamine prior to Ca 
treatment on a 3-15% gel (Laemmli, 1970). It is observed that 
methylamine prevents the Ca''"''"-medi ated crossl inking of rbc 
membrane proteins (Fig.22 A, lane b) . In samples which are 
incubated with Ca"*"*" alone, a high molecular weight adduct is 
formed indicating that crosslinking has taken place (Fig.22 
A, lane c ) . Ca "*" treatment performed in the presence of 
exogenous CaM has no significant effect (Fig.22 B, lane d) on 
the membrane polypeptide pattern over those treated with Ca"*""*" 
alone. 
TABLE 6 
Effect of methylamine pretreatment on calcium-mediated effects on 
human erythrocyte membrane (Ca'*"^ -Mg'*'^ )-ATPase, 





27 + 2.65 






Only Ca"'"'*'-treated 33 ± 2.40 
42 ± 1.70 27 + 3.35 42 ± 4.15 
47 + 5.50 35 + 6.05 46 + 4.52 
46 + 5.10 34 + 4.03 45 + 3.35 
Each value is expressed as the mean + S.D. of triplicate 
determinations. 
Fig.22 
Effect of methyl amine pretreatment on the huTian rbc membrane 
(Ca^ -^Mg''^ "*^ )-ATPase activity. The intact or hemolysed rbcs 
were preincubated Vyith 20mM methylamine for 1 hour. 
Subsequent"! i , the Ca"*""*" treatment (0.5mM, 2 hours) was given 
as described above. The rbc membrane prepared was subjected 
to SDS-PAGE on a 3-15% gradient ge1. Panel A represents 
intact rbcs pretreated with methylamine while Panel B 
represents hemolysed rbcs pretreated with methylamine. In 
Panel A, lane a, normal human rbc membrane; lane b, membranes 
from methylamine pretreated intact rbcs and lane c, membranes 
from Ca -treated intact rbcs. In Panel B, lane a, normal 
membrane; lane b, membrane from methylamine pretreated rbc 
hemolyzate; lane c, Ca"*^  -treated rbc hemolyzate and lane d, 
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DISCUSSION 
The composition and molecular organisation of rbc 
membrane is modified to a very great extent by the non-
physiological conditions in which they are isolated (for 
review, see Schwoch and Passow, 1973). The process of 
membrane preparation may cause the inactivation of several 
enzymes and attempts to show the interaction and activation 
of (Ca'*"'*"-Mg'*"'*" )-ATPase of isolated dog rbc membranes that 
contain very low (Ca'*"'^ -Mg''"'*')-ATPase with CaM were not 
successful (Schmidt et al . , 1985). In the following year, 
however, the presence of a CaM-activable Ca -pump was 
established in intact dog rbcs (Hinds and Vincenzi, 1986). 
The (Ca'^ '*'-Mg"'"'*')-ATPase activity in isolated goat rbc 
membranes as shown in these studies and in an earlier report 
(Vincenzi, 1981) is almost negligible. This could be the 
consequence of the enzyme inactivation during membrane 
isolation since the extent of hypotonic treatment required to 
completely free the rbc membranes of hemoglobin may lead to 
impairment of enzyme activity. The activity of various 
ATPases in goat and human rbc membranes prepared by hypotonic 
(Fairbanks et al . , 1971) and isoionic hemolysis (Billah et 
al., 1976) were compared (Table 5 ) . Surprisingly,the 
activities of the various ATPases in the hypotonic membranes 
(normal membrane) were found to be higher as compared to 
isoionic membranes in goat and human samples. This indicates 
J- . / I 
that the membranes prepared by hypotonic lysis are more 
suitable for the study of ATPases than those obtained by the 
procedure of Billah et al. (1976). The polypeptide profile on 
SDS-PAGE of rbc membranes prepared by isoionic hemolysis 
shows significant differences when compared with normal 
membranes (Fig. 17). Band 2.2 is more intense in the former 
case and band 6 is characteristically absent (Billah et al., 
1976) Bands of 4.5 region and bands 5, 7, and 8 also appear 
less intense in these preparations (Fig.17 A and B, lane b). 
In goat isoionic membranes, band 160,000 andband 3 become 
very faint. 
(Ca"^ '•-Mg'^ "^ 'i-ATPase is responsible for maintaining low 
levels of intracellular Ca''""^  (Lew and Garcia Sancho, 1985). 
Accumulation of intracellular Ca"*"*" also results in the 
stimulation of several rbc enzymes including the (Ca -Mg )-
ATPase, calpains (Murakami et al., 1981), transglutaminase 
(Lorand et al., 1983), protein kinase C (Ling and Sapirstein, 
1984). Preincubation of human rbc membrane with relatively 
high concentrations of Ca has been shown to stimulate the 
activity of the (Ca'^ '^ '-Mg"'""'")-ATPase and the high activity was 
retained by the enzyme even after removal of Ca''"'*' (Roufogalis 
et al . , 1990). While the possibility of cleavage of (Ca"^ "^ -
Mg )-ATPase by the membrane bound calpain in response to 
high Ca concentration has been suggested (Wang et al., 
1988), recent work indicates similar activation under 
conditions in which no significant degradation of the (Ca"^ "^ -
Mg )-ATPase occurred (Roufogalis et al., 1990). It is 
believed that the Ca'*"'^ -mediated effect occurring during 
12! 
preincubation with high Ca"^ "^  concentration affect the CaM 
binding site, since the activated enzyme becomes insensitive 
to CaM. These experiments were performed with isolated, 
washed human rbc membrane. In an attempt to investigate the 
possibility of such activation under conditions more close to 
the physiological state, effects of loading of Ca in intact 
cells and those on hemolysed rbcs exposed to all the contents 
of rbc were investigated. While the concentration of Ca 
used for studies with intact erythrocytes (0.5 mM) has been 
shown to cause half maximal activation of the (Ca -Mg )-
ATPase (Roufogalis et al., 1990), higher concentrations of 
Ca"*"^  were not taken in view of the extensive cross! inking and 
proteolysis of the rbc membrane proteins (Lorand et al . , 
1983). It is however, difficult to predict the exact 
concentration of Ca"*"^  to which the (Ca''""'"-Mg''"'*")-ATPase is 
exposed both in the intact cells and in the hemolyzates in 
view of the presence of large number of Ca"*"*"-binding systems. 
Attempts were also made to investigate if goat rbcs 
that lack the (Ca'^ '^ -Mg"*'"^ )-ATPase could be stimulated by 
proteolysis induced by Ca"^ "*" loading for longer time 
intervals. Although experiments described in the previous 
section suggested lack of Ca"*"*'-mediated activation, they were 
performed with relatively low Ca"*"^  concentrations. Further 
experiments were^ therefore^ performed using high 
concentrations of Ca"^ "^  both in the intact and hemolysed goat 
!-?(-
rbcs. As evident from Fig.18, the effects of loading Ca in 
intact cells were not very similar in goat, human and rat 
rbcs. While there was no stimulation in the activity of goat 
rbc enzyme over a period of 6 hours, significant stimulation 
of (Ca'^ '*"-Mg''"''')-ATPase was observed in case of human and rat 
erythrocytes. In contrast to earlier observations (Wang et 
al . , 1988), CaM sensitivity of the (Ca'^ '^ -Mg"*""^  )-ATPase was 
retained during the entire duration of the study. This may 
be related to only partial activation of the (Ca -Mg )-
ATPase as discussed above in response to elevated Ca 
levels. Studies of Au et al. (1989) have actually 
demonstrated significant activation of calpain cleaved (Ca -
Mg"*"*")-ATPase by CaM in absence of extensive proteolysis. As 
evident from Fig. 18, Ca"*""*" loading of the cells resulted in 
markedly higher stimulation of rat rbc (Ca -Mg )-ATPase. 
This may be related to the presence of very high 
concentration of calpain in these cells (Kosower et al., 
1983) as also evident from Fig.21. Both in case of human and 
rat (Ca -Mg )-ATPase longer incubations resulted in 
inactivation of (Ca'^ '^ -Mg"^ '^ )-ATPase which was not accompanied 
by loss of CaM activation. 
The effects of inclusion of Ca"^ "^  during incubation of 
hemolysed rbc of goat, human and rat were qualitatively 
different (Fig.19). While no significant alterations in the 
(Ca++-Mg++)-ATPase were observed in case of goat cells, there 
was a consistent decrease in the activity of the enzyme in 
case of human rbcs. In contrast, rat rbc membrane indicated 
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a significant activation at 2 hours of incubation which was 
followed by a sharp decrease in the activity. The apparent 
difference between these observations on the human rbc 
membrane and those reported earlier (Wang et al., 1988) in 
which (Ca'*"'*"-Mg''""*")-ATPase was shown to be activated even after 
2 hours of incubation with calpain may be related to the 
presence of other proteases like cathepsin E (Yamamoto and 
Marchesi, 1984) in the hemolyzates that may act on (Ca "*"-
Mg"^ ''')-ATPase. Furthermore, as no study of the Ca"^ "'"-mediated 
effects on (Ca"*"''"-Mg'*"*')-ATPase was undertaken both at 0.5 
and 2.5 mM Ca"*""*" during early time points of the Ca 
exposure, the Ca"*"*"-induced activation of the enzyme may have 
been missed.. The retention of CaM sensitivity even after 
marked inactivation of the enzyme as a result of incubation 
with Ca"*"*" is difficult to explain and needs further 
experimentation. 
Ca -induced crosslinking and proteolysis has been 
observed in this study on SDS-PAGE of membranes of Ca^^-
treated human and rat rbcs (Fig. 21 B and C). In human rbcs 
there is a time and concentration-dependent formation of a 
high molecular weight adduct which fails to enter the gel as 
also reported by Carraway et al . (1975) and Lorand et al . 
(1983). The Ca-'-'-mediated crosslinking of membrane 
polypeptides is due to an intrinsic transamidating enzyme 
often called transglutaminase which specifically requires 
]2' 
calcium (> 10~^M) for its conversion from latent to an active 
form. It causes the fusion of membrane proteins by V -
g1utamy1 - € - 1ysine bridges (Lorand et al., 1978). The 
aggregation of membrane proteins resulting from 
transglutaminase action may produce conformation favourable 
for proteinase action (Lorand et al . , 1987). The gels also 
demonstrate the disappearance of protein 4.1 a and b, a 
diminution of band 3 (Fig.21 B) in accordance with the study 
of Croall et al. (1986) and Au et al. (1988) . Loading of the 
rat rbcs with Ca"*"*" led to marked changes in the membrane 
protein pattern (Fig.21C). The spectrin was almost completely 
degraded and there was a marked diminution of band 2.1, band 
3 and band 4. In addition, a small amount of high molecular 
weight protein adduct was observed. These observations tally 
with those of Kosower et al. (1983). 
Goat rbc membrane proteins, however, failed to show any 
Ca'^ "*"-med i ated proteolysis or crosslinking (Fig. 21A). 
Evidently, the goat rbc membrane proteins are not refractive 
to the transglutaminase-mediated crosslinking and lack of 
Ca -mediated response is therefore^the result of enzyme 
deficiency (Khan and Saleemuddin, 1988). Absence of these and 
other Ca -mediated responses like depletion of cellular ATP, 
increase in rigidity (Eaton et al., 1977), deficiency of 
Ca -sensitive phosphoinositide phosphodiesterase (Allan and 
Michel!, 1977) and lack of membrane protein phosphorylation 
in response to Ca"^ "^  suggest the operation of Ca"^ "*"-independent 
] ? ' 
processes i n goat r b c s . However, i t i s o f i n t e r e s t t o no te 
t h a t rbcs f r om newborn lambs e x h i b i t s i g n i f i c a n t (Ca"*" -Mg ) -
ATPase a c t i v i t y and Ca '*'-medi a ted shape changes (Ea ton e t 
a1 . , 1 9 7 8 ) . The Ca''"'^-medi a t e d e f f e c t s t h u s seem t o be 
r e p l a c e d by a l t e r n a t i v e mechanisms d u r i n g t h e m a t u r a t i o n and 
g rowth o f t h e a n i m a l . 
The o b s e r v e d e f f e c t s o f Ca"'"'^ on (Ca' '" ' '"-Mg'*" '")-ATPase 
a c t i v i t y o f i n t a c t and hemolysed rbcs may no t be r e l a t e d t o 
t h e a c t i o n o f t h e Ca - a c t i v a b l e t r a n s g l u t a m i n a s e (Lo rand and 
Conrad, 1984) . As shown i n Tab le 6 , samples t r e a t e d w i t h Ca"*"^ 
w i t h o r w i t h o u t p r i o r t r e a t m e n t w i t h m e t h y l a m i n e w e r e 
i n d i s t i n g u i s h a b l e w i t h r e s p e c t t o (Ca'*"'^-Mg'*"''" ) - A T P a s e 
a c t i v i t y . As shown i n F i g . 2 2 ^ t h e f o r m a t i o n o f h i g h m o l e c u l a r 
w e i g h t a g g r e g a t e was marked ly decreased i n samples p r e t r e a t e d 
w i t h m e t h y l a m i n e . However, t h e p o s s i b l e r o l e o f Ca'*"^-medi a ted 
a l t e r a t i o n s i n membrane f l u i d i t y , p r o t e i n k i n a s e C, 
i n t e r a c t i o n s w i t h a c i d i c p h o s p h o l i p i d s n e e d f u r t h e r 
1 n v e s t i g a t i o n . 
CHAPTER VI 
ORGANISATION OF GOAT SPECTRIN 
J 30 
RESULTS 
The p o l y p e p t i d e c o m p o s i t i o n of the goat and h u m a n rbc 
membrane: Freshly obtained goat blood and freshly outdated 
human blood has been used in this section. Hemoglobin - free 
ghosts were prepared by using the procedure of Fairbanks et 
al. (1971) as described earlier in the text. Fig.23 shows the 
SDS-PAGE profile of goat as well as human rbc membrane 
polypeptides visualised by coomassie blue staining. Most of 
the polypeptides from both goat as well as human rbc membrane 
appeared to be of comparable molecular weight. Additional 
polypeptide bands having an Mr of about 160,000 (Lenard, 
1970b; Lutz et al., 1976; Inaba and Maede, 1988b) could also 
be located between spectrin and band 3 in the case of goat 
rbc membrane (Fig. 2 3 ) . 
Preparation of spectrin dimers - t e t r a m e r s : Spectrin was 
extracted from goat and human rbc m e m b r a n e by low ionic 
s t r e n g t h t r e a t m e n t ( U n g e w i c k e l l and G r a t z e r , 1 9 7 8 ) as 
described in 'Methods'. It can be seen from Fig.24 that 
spectrin dimers are formed at 37° in both goat and human rbc 
membranes (lanes a and b) . Tetramers are formed as a result 
of 4° treatment (lanes b and d) but dimers are also present 
in the preparations. Some high molecular weight complexes^ 
presumably of an adduct of spectrin that failed to enter the 
gel can be seen (Fig.24). 
Fig.23 
Polypeptide composition of goat and human rbc membrane. 
Freshly collected goat and human blood was centrifuged and 
rbcs were collected. The cells obtained were washed three 
times with 154mM NaCl and the "buffy coat" was removed after 
each washing. The rbcs were hemolysed in 5 mM Tris HCl pH 8.0 
and hemoglobin-free membranes were prepared as described in 
the text. The membranes thus prepared were subjected to SDS-
PAGE. Lanes a and b show the polypeptide composition of human 
and goat rbc ghosts respectively. 
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Fig.24 
E f f e c t o f low i o n i c s t r e n g t h on t h e goa t and human rbc 
membrane (Non SDS-PAGE). Spec t r i n was ex t rac ted from goat 
and human rbc membranes by low i o n i c s t r e n g t h b u f f e r . 
Membranes were incubated w i t h 3 volumes of e x t r a c t i o n bu f f e r 
(0.3mM T r i s HCl pH 8.0 con ta in ing 0.2mM PMSF) a t 37° f o r 30 
minutes t o p repare s p e c t r i n d i m e r s . I n o r d e r t o p r e p a r e 
tet ramer r i c h s p e c t r i n , membranes were d ia l ysed aga ins t 200 
volumes of e x t r a c t i o n bu f f e r a t 4° f o r 18 hours. Both samples 
were cen t r i f uged and supernatants obta ined were concentrated 
a g a i n s t s u c r o s e . Non SDS-PAGE o f t h e s u p e r n a t a n t s was 
performed on a 4% gel i n presence of S-mercaptoethanol at 4 ° . 
Lanes a and c r e p r e s e n t 37° e x t r a c t and l a n e b and d 
rep resen t 4° e x t r a c t f rom goat and human rbc membranes 
r e s p e c t i v e l y . 
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SDS-PAGE profile of the pellet and supernatant 
obtained after the treatment of human and goat rbc membranes 
with low lomc strength buffer at 4° is given in Fig.25. As a 
result of this treatment spectrin and actin are eluted from 
the membrane and are seen to be present in the supernatant 
(Panel A and B, lane c). The absence of these proteins was 
observed in the depleted membrane which is obtained as the 
pellet after centrifugation (Panel A and B, lane b). 
Diamide treatment of spectrin dimers and tetramers: The 
spectrin dimers and tetramers obtained as above from human 
and goat rbc membranes were treated with 1 mM diamide at 4 
for 45 minutes by a modification of the method of Hosey et 
al . (1978). SDS-PAGE of the treated samples was performed on 
5% gel in absence of Q-mercaptoethanol . In all the cases, a 
high molecular weight adduct is formed (Fig.26). The human 
rbc spectrin tetramers (lane a) when treated with diamide 
result in the formation of spectrin oligomers as can be seen 
by the appearance of a new band with a slow mobility on SDS-
PAQE (lane b), A very intense, high molecular weight adduct 
can also be seen which is unable to enter the gel, However, 
some of the tetramer remains unaltered. 
When human spectrin dimers are treated with diamide, 
oligomerisation takes place but the degree of crosslinking 
was relatively less as can be seen by the low intensity of 
the adduct on top of the gel (lane d). However, in this case 
Fig.25 
SDS-PAGE. The samples obtained as given above were 
subjected to SDS-PAGE. Panel A and B shows the protein 
profile of human and goat samples respectively. Lane a, 
normal membrane; Lane b and c, pellet and supernatant from 
low ionic strength treatment. 
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Fig.26 
E f f e c t of d iamide on goat and human s p e c t r i n d i m e r s and 
te t ramers . Spec t r i n dimers and te t ramers from goat and human 
rbc membranes were t r e a t e d w i t h 1 mM d i a m i d e a t 4 ° f o r 45 
minutes.Samples f o r SDS-PAGE were prepared immediately and 
e lec t ropho res i s was performed on 5% gels in absence of 6-
mercaptoethanol . Lanes a and b, un t rea ted and d iamide- t rea ted 
human s p e c t r i n te t ramers , lanes c and d represent unt reated 
and d i a m i d e - t r e a t e d human s p e c t r i n d i m e r s , l anes e and f 
r e p r e s e n t u n t r e a t e d and d i a m i d e - t r e a t e d g o a t s p e c t r i n 
te t ramers and lanes g and h represent un t rea ted and diamide-
t r ea ted goat d imers. 
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t he i n t e n s i t y o f t h e band between t o p o f t he ge l a n d s p e c t r i n , 
p r e s u m a b l y t h e o l i g o m e r w i t h r e l a t i v e l y f e w e r s p e c t r i n 
m o l e c u l e s ^ i s more i n t e n s e . S i m i l a r r e s u l t was o b s e r v e d i n 
case o f t h e goat t e t r a m e r s ( l a n e s e and f ) and goat d imers 
( l a n e s g and h ) . 
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DISCUSSION 
The polypeptide composition of the goat rbc membrane as 
shown in Fig.23 exhibits considerable similarity with that of 
the human rbc membrane. The molecular weights of most of the 
polypeptides of goat rbc membrane are comparable with their 
human counterparts. As reported earlier (Lenard, 1970b; Lutz 
et al . , 1976; Inaba and Maede, 1988b), a band of Mr 160,000 
was, however, characteristically present in goat rbc 
membranes. In some samples, the Mr 160,000 band migrated as 
multiple banas of very close mobility. 
The major components of the erythrocyte skeleton are 
the spectrin heterodimers, associated head to head to form 
tetramers (Calvert et al . , 1980a). The spectrin network in 
combination with other proteins maintain the mechanical 
stability of the membrane and to control cell shape and 
deformabi1ity (Marchesi, 1979; Mohandas et al., 1983). 
The present data shows a comparative study on the goat 
and human rbc membrane spectrin. Spectrin was extracted from 
goat and human rbc membrane by incubation with low ionic 
strength buffer at 37° and 4°. Fig.24 gives the spectrin 
profile under non-denaturing conditions in a A% gel (Laemmli, 
1970). This treatment led to the release of spectrin 
enriched in dimers and tetramers respectively, in human as 
well as goat rbc membranes as reported earlier (Ralston, 1975; 
T O 
Kam et al., 1977). A high molecular weight adduct can be seen 
on top of the gel. In case of 4° treatment^ relatively small 
amounts of tetramer could be observed (Fig.24), The dimer 
and tetramer are in a thermodynamic equilibrium and can be 
readily interconverted (Ungewickell and Gratzer, 1978). The 
dimer-tetramer equilibrium is strongly affected by ionic 
strength and at low salt concentrations such as those used to 
extract spectrin from membranes, the dimer becomes strongly 
favoured (Ungewickell and Gratzer, 1978). Thus the recovery 
of tetramer by extraction at low temperature implies that 
this is the basic unit present in the membrane. 
During SDS-PAGE of the 4° extract of human and goat rbc 
membrane, in addition to band 1 and 2 of spectrin, actin and 
traces of other proteins can be seen (Fig.25). No high 
molecula'- weight adduct is visible here. The absence of 
higher self association states of spectrin (such as hexamers 
or octamers) in the membrane and presence of high molecular 
weight complexes seen in Non SDS-PAGE which contain spectrin, 
actin, band 4.1 and other proteins suggests that spectrin 
tetramers are crosslinked non-covalent1y by other skeletal 
components (Liu and Palek, 1980). Increased proportions of 
dimers occur in 4° extracts of patients with hereditary 
el 1iptocytosis (Coetzer and Zail, 1982). These findings 
reflect an underlying primary or secondary abnormality of 
spectrin in these subjects that probably affects the 
]39 
association state of spectrin in the rbc membrane (Coetzer 
and Zail, 1982). 
The involvement of spectrin thiol groups in maintaining 
membrane resistance to thermal damage and in controlling self 
association of dimers was suggested by Smith and Palek (1983) 
and direct evidence for this was given by Streichman et al . 
(1988). Diamide and tetrathionate blocked more than 50* of 
the thiols (Streichman et al., 1988). Incubation of spectrin 
solutions with diamide caused decreased association of 
spectrin dimers and increased dissociation of spectrin 
tetramers. In native spectrin dimer, the polypeptide chains 
are evidently associated laterally and therefore afford 
numerous contacts for cross!inking by way of -SH groups. With 
this strategy in mind, we gave 1 mM diamide treatment to 
spectrin dimers and tetramers. This treatment led to the 
formation of a crosslinked product with lower mobility on 
SDS-PAGE in absence of a reducing agent (Fig.26). The 
intensity of this product is higher in case of goat and human 
dimers. When spectrin tetramers are treated with diamide, an 
adduct is formed which has a still higher molecular weight 
and cannot enter the gel. A small amount of oligomer is 
formed too in this case. 
The study of Prokopchuk and Sargent (1980) suggested 
that some portion of the spectrin assembly in sheep 
erythrocytes could be transmembrana1. This particular 
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membrane orientation of spectrin was not evident in human 
rbcs. In our study, however, goat rbc spectrin could be 
completely eluted from the membrane which indicates its 
extrinsic nature. These results indicate that goat rbc 
membrane spectrin behaves in almost th6 same way as human 
spectrin and is comparable to it in organisation. 
CHAPTER y i l 
GOAT ERYTHROCYTE PROTEASES 
1^1 
RESULTS 
Goat erythrocytes have been shown to lack the Ca 
activated proteolysis (Khan and Saleemuddin, 1988) in 
addition to several other Ca''"*"-med i ated processes. Since 
information on the nature of other proteases in these rbcs is 
also not available, investigation of the presence of various 
proteases in goat rbcs was of interest. 
Freshly obtained goat blood Was used in these 
experiments. For the study of membrane protein degradation 
the goat rbc membrane prepared by the method of Fairbanks et 
al . (1971) was incubated with 10 volumes of buffers of 
different pH at 37° for 3 hours. The suspensions were 
centrifuged and the pellet obtained was subjected to SDS-PAGE 
on a 3-155K gradient gel (Laemmli, 1970). The protein profile 
of the preparations is shown in Fig.27. Incubation of the 
membrane in presence of 5mM Tris HCl pH 8.0 results in the 
loss of spectrin and actin from the membrane (lane b). 
However, in presence of 5mM phosphate pH 4.8 the spectrin 
remains intact but the intensity of actin decreases (lane c). 
In an alkaline medium (5mM Tris HCl pH 9.0) the spectrin and 
actin are selectively lost from the membrane (lane d). No 
change is observed in any other protein band as a result of 
pH treatment of goat rbc membranes. 
Fig.27 
Effect of pH on hemoglobin-free goat rbc membranes. Washed 
rbc membranes were incubated with 10 volumes of buffers of 
appropriate pH at 37° for 3 hours. The membranes were 
separated by centrifugation, washed and subjected to SDS-
PAGE. Lane a represents normal membrane, lane b, c and d 
represent membranes incubated in 5 mM Tris HCl pH 8.0, 5mM 
phosphate pH 4.8 and 5 mM Tris HCl pH 9.0 respectively. 
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In order to determine whether spectrin is degraded or 
eluted from the membrane samples, the goat rbc membranes were 
incubated in 5, 20 and 50mM Tris HCl pH 8.0. The supernatant 
collected carefully after centrifugation was concentrated to 
a small volume and all samples electrophoresed on a 3-155(5 
gradient gel in presence of SDS (Laemmli, 1970). It is 
observed from Fig.28 A that spectrin is eluted in the 
supernatant along with a small quantity of actin in case of 
5mM buffer (lane c). Both these proteins disappear in the 
pellet (lane b). Incubation with 20mM buffer also elutes out 
the spectrin from the membrane but to a lesser extent (lane d 
and e). Negligible amount of spectrin is eluted with 50mM 
buffer (lane g) as the pellet still retains most of the 
protein (lane f). Similar results were obtained with human 
rbc ghosts as well (Fig. 28 B). 
In order to detect the presence of ATP-stimulated 
proteolytic activity, the goat rbc membranes were treated 
with an equal volume of ATP to a final concentration of 2.5mM 
and incubated as above. The protein profile of the ATP-
treated membranes in a 3-15% SDS gel is given in Fig.29. It 
is observed that spectrin and band 4.1 become quite faint and 
actin is completely removed as a result of incubation of 
membrane in absence of ATP (lane b). In the sample incubated 
in presence of ATP the spectrin loss was prevented^ and a 
high molecular weight protein adduct was formed on top of the 
Fig.28 
Effect of ionic strength on the elution of membrane 
polypeptides. Hemoglobin-free rbc membranes were incubated 
with 10 volumes of buffer (as indicated) for 3 hours at 37°. 
The suspension was then centrifuged to separate the pellet 
and supernatant which was concentrated against sucrose. Both 
samples were then subjected to SDS-PAGE. Panel A and B show 
the SDS-PAGE protein profile of membranes from goat and human 
rbcs. Lane a depicts normal membrane, lanes b, d and f are the 
pellets and lanes, c, e and g are the supernatants from 5, 20 
and 50 mM Tris HCl pH 8.0 incubations. 
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Fig.29 
Effect of ATP on hemoglobin-free goat rbc membranes. Rbc 
membranes washed free of hemoglobin were incubated with an 
equal volume of 5 mM ATP in 5 mM Tris HCl pH 8.0 at 37° for 
3 hours. The ghosts were collected by centrifugation, washed 
and subjected to SDS-PAGE. Lane a depicts normal membrane,, 
lane b, membranes incubated in absence of ATP and lane c, 
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gel. In addition^a new band between actin and band 6 can be 
seen (lane c). ATP-stimulated proteolysis of the rbc membrane 
proteins is not observed. 
Proteolysis of the membrane was also investigated in 
samples incubated with various metal ions like Ca, Mn, Zn and 
Co, Fig.30 shows the SDS-PAGE profile of membranes treated 
with Ca"*""^  on a 3-15aj gradient gel. Spectrin is eluted to a 
significant extent from the control membrane samples (lane 
b). Incubation with Ca"*"'*" prevents the loss of spectrin but no 
other change was observed in the protein pattern (lane c). 
Similar results were obtained on treatment with other metal 
ions (Fig.31). 
It has been reported in an earlier study that the 
latent form of membrane associated cathepsin E is activated 
on perturbation of the rbc membranes at 40° (Yamamoto et al., 
1988). Goat rbc membranes were, therefore, incubated at 40° 
for 1,2 and 3 hours prior to subjecting them to SDS-PAGE. 
Fig.32 shows the SDS-PAGE profile of the sample in a 3-15% 
gradient gel. Band 1 of spectrin appears to be degraded while 
the intensity of actin decreases as a result of this 
treatment. In addition, a band with a position just before 
actin having an approximate Mr of about 50,000 becomes very 
intense. In the membrane samples exposed to 40° for 2 and 3 
hours the band 1 is almost completely degraded accompanied by 
a significant increase in the band of Mr 50,000. 
Fig.30 
Effect of calcium on hemoglobin-free goat rbc membranes- Goat 
rbc membranes were incubated with 9 volumes of 5 mM Tris HCl 
pH 8.0 containing 2.5 mM CaCl2 for 3 hours at 37°. 
Subsequently, the ghosts were separated by centrifugation, 
washed and subjected to SDS-PAGE. Lane a represents normal 
membrane, lanes b and c represent membranes incubated in 






Effect of Zn, Mn and Co on goat rbc membranes. Rbc membranes 
were incubated in 10 volumes of ImM 2n, Mn and Co in 5 mM 
Tris HC1 pH 8.0 for 3 hours at 37°. The membrane pellet 
obtained upon centrifugation was washed and electrophoresed 
in an SOS gel. Lane a, normal membrane; lane b, membrane 
incubated with Zn; lane c, membrane incubated with Mn and 
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Fig.32 
Effect of heat on goat rbc membrane. Hemoglobin-free membrane 
from goat rbc was heated at 40° with constant stirring for 
time durations as indicated. The membrane samples were 
subjected to SDS-PAGE. Lane a, normal membrane; lane b, 
membrane heated for 1 hour; lane c and d represents membranes 
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The possible presence of proteolytic activity in the 
cytosol of the goat rbc was also investigated by Ansons's 
procedure (1938). The membrane-free hemolyzate was incubated 
in presence of ATP (5 mM) and metal ions like Co, Mn, Zn 
(1mM) and Ca (2.5mM) for 1,2 and 3 hours, at 37°. In a 
separate experiment,the pH of the hemolyzate was adjusted to 
2.8 and incubations performed at 37° for 1, 2 and 3 hours. No 
effect could be detected on the TCA soluble peptides as a 
result of these treatments (data not shown). 
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DISCUSSION 
A number of proteolytic enzymes occur in erythrocytes 
of several mammals. These enzymes are believed to hydrolyse 
proteins whose structures are highly abnormal as may arise 
by mutation, bSosynthetic errors, or incorporation of amino 
acid analogs (Etlinger and Goldberg, 1977; Goldberg et al . , 
1978). The non-1ysosomal pathway also seems to be involved in 
the breakdown of certain normal cell proteins (Boches and 
Goldberg, 1982). Calpain-induced release of membrane 
associated acid peptidases has been suggested as playing a 
major role in the degradation of oxidant damaged proteins in 
the rbc (Pontremoli et al., 1979). 
Information on the proteolytic enzymes of non-huminoid 
rbc^  is scant and lack of Ca'*"*"-activable protease in goat rbcs 
has been demonstrated from this laboratory (Khan and 
Saleemuddin, 1988). Goat rbc membranes appear to lack 
proteolytic enzymes acting in acidic, neutral and alkaline 
range as the hemoglobin-free membranes incubated at pH 4.8, 
8.0 and 9.0 do not show significant degradation of the major 
polypeptides (Fig.27). While membranes incubated at pH 8.0 
and pH 9.0 lose spectrin and actin, this has been shown to 
be related to the elution of spectrin and actin rather than 
its degradation (Fig.28). No elution or degradation was 
observed at pH 4.8. Incubation of goat rbc membranes with 
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50mM citrate buffer pH 2.8 for 3 hours at 37° resulted in no 
change in SDS-PAGE pattern of the membrane proteins (data not 
shown). 
Crosslinking of proteins has been seen to occur in 
human rbc membrane which 1s maximal in the pH range 4.5 - 5.0 
at 37° (Liu et al., 1977). Large protein aggregates are 
formed which can be solubilised in presence of a reducing 
agent. The spectrin depletion could have been prevented in 
the membranes incubated in acidic buffer because of its 
possible involvement in aggregate formation which disappeared 
during SDS-PAGE which was conducted in presence of S -
mercaptoethanol. A slight aggregation can be seen (Fig.27, 
lane c). It is interesting to observe that the isoelectric 
point of spectrin and actin is pH 4.8 (Elgsaeter et al . , 
1976). Consequently, exposure of rbc membranes to low pH 
would be expected to cause local isoelectric precipitation of 
spectrin and actin on the cytoplasmic surface of the 
membrane. If the spectrin is bound to the intramembrane 
particles, this precipitation would in turn affect the 
lateral distribution of these particles, causing them to 
aggregate (Elgsaeter et al., 1976). 
Proteases have been shown to exhibit activity in a 
very wide pH range. Human erythrocyte membranes possess three 
different proteases with pH optima in the range pH 2.8-3.9 
(Pontremoli et al., 1979). On the other hand, three soluble 
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proteases have been found in human red cell lysate which 
hydrolyse insulin at alkaline pH (pH 8.5) (Kirschner and 
Goldberg, 1983). 
The elution of spectrin and actin from goat and human 
rbc membranes on exposure to 5 and 20 mM Tris HCl pH 8.0 
could have been due to the long periods of incubation (upto 3 
hours) (Fig.28) in low ionic strength solution. 
A preliminary study was also performed to detect the 
possible presence of the ATP-dependent proteolytic system in 
goat rbcs. However, SDS-PAGE of the ATP-treated membranes 
failed to show any proteolytic degradation of membrane 
polypeptides. A high molecular weight adduct is formed on the 
gel. The spectrin and actin which are extracted in absence of 
ATP seem to be intact in ATP-treated samples (Fig.29, lane 
c). This could be attributed to the increased ionic strength 
in presence of ATP which is in the form of a disodium salt. 
Alternatively, the spectrin may undergo some ATP-dependent 
specific interactions with the membrane proteins. However, 
addition of ATP produces 2-5 fold stimulation of protein 
breakdown by cell free extracts of rabbit reticulocytes 
(Etlinger and Goldberg, 1977). This non-1ysosomal system is 
responsible for the selective degradation of abnormal 
proteins as well as the elimination of many normal proteins 
during reticulocyte maturation. when isolated human rbc 
membranes are incubated with Y- [32 pj ^TP, the membrane 
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p r o t e i n and l i p i d f r a c t i o n s both become l a b e l l e d (W i l l i ams , 
1972). Stable phosphoserine and phosphothreonine l inkages to 
p r o t e i n s have a l s o been demons t ra ted a f t e r i n c u b a t i o n o f 
ghosts i nT^ - [^^P] ATP (Roses and Appel , 1973). Most heav i l y 
l a b e l l e d i s a gel peak which appears to correspond t o band 2; 
band 3 i s tagged less we l l and a po lypep t ide of Mr 50,000 i s 
o n l y s l i g h t l y l a b e l l e d ( f o r r e v i e w , see S t e c k , 1 9 7 4 ) . 
According to Bennett (1985), s p e c t r i n , l i k e many p ro te i ns in 
the e r y t h r o c y t e membrane, i s phosphory la ted. The fou r s i t e s 
of phosphory la t ion have been mapped t o the ca rboxy l - t e rm ina l 
o f t h e b e t a s u b u n i t ( H a r r i s and Lux , 1 9 8 0 ) . The 
phosphorylated end of the beta chain i s the region of the 
molecule where end- to-end assoc ia t i on w i t h alpha chain occurs 
i n t e t r amer assembly, and a l s o i s c l o s e t o t h e a n k y r i n 
b i n d i n g s i t e . T h e f u n c t i o n a l i m p o r t a n c e o f b e t a c h a i n 
phosphory la t ion i s not known, s ince removal of phosphate has 
no o b v i o u s e f f e c t on t h e d i m e r - t e t r a m e r e q u i l i b r i u m 
( U n g e w i c k e l l and G r a t z e r , 1 9 7 8 ) . The p o s s i b i l i t y t h a t 
r e v e r s i b l e membrane p r o t e i n p h o s p h o r y l a t i o n c o n t r o l s 
e r y t h r o c y t e membrane s t a b i l i t y and v a r i o u s f u n c t i o n a l 
p rope r t i es has been suggested by Bo iv in (1988). 
Treatment of the membranes w i t h Ca"*""^  brought about no 
p r o t e o l y t i c cleavage (F ig .30 ) as a l ready repor ted by Khan and 
Saleemuddin (1988) . A meta l lopro tease has oeen p u r i f i e d from 
human rbc l y s a t e by K i r s c h n e r and Go ldbe rg ( 1 9 8 3 ) . I t i s 
a c t i v a t e d by mic romo la r l e v e l s o f In, Co and Mn and i s 
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inhibited by EDTA, 0-phenanthro1ine and 8-hydroxyquino1ine. 
With this data in mind, the goat rbc membrane was treated 
with 1 mM Zn, Co and Mn. Incubations were performed in 
presence of these metal ions as described in text. No 
significant change in the protein pattern is observed 
indicating the absence of a corresponding metalloprotease in 
goat rbc membrane (Fig.31). Incubation of the membrane-free 
hemolyzate with these metal ions brought about no increase in 
TCA soluble peptides. 
After the elution of spectrin from the goat rbc 
membrane as a result of incubation with 5 mM buffer alone as 
observed in Figs. 27, 28, 29 and 30 an extra band with a 
molecular weight comparable to spectrin becomes obvious. This 
protein has an electrophoretic mobility slightly higher than 
spectrin and occupies a position just below band 2. This 
extra banc could be that of a high Mr glycoprotein which is 
known to be present in goat rbc membrane. 
Human erythrocytes are known to contain the unique 
membrane-bound aspartic proteinase now known as cathepsin E 
(Yamamoto and Marchesi, 1984). The membrane associated form 
of cathepsin E is latent (Yamamoto et al , 1985) and can be 
readily activated by perturbation of the membrane components 
eg. heating at 40°, exposure to nonlytic concentrations of 
phospholipase C from Bacillus cereus and tryptic digestion 
and this was accompanied with solubi 1 isation of the enzyme 
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(Yamamoto et a1 . , 1985). The activated cathepsin E has the 
capacity to degrade the membrane proteins over a wide range 
of pH values. 
Goat rbc membrane exposed to 40° for 1 , 2 and 3 hours 
indicate a time-dependent loss of band 1 of spectrin. While 
we have not further investigated this phenomena, this 
suggests that the goat rbc may contain cathepsin E which may 
preferentially degrade band 1. Membranes display four well-
defined structural transitions over the temperature range 45-
80°. The first or the A transition is due to the partial 
unfolding of the spectrin complex (Brandts et al., 1977). The 
alpha-helix is almost completely lost in the 49° transition 
(Ralston and Dunbar, 1979). In a study involving urea -
induced dissociation of the spectrin dimer in human rbcs, it 
is seen that unfolding of spectrin is preceeded by 
dissociation of the two subunits (Calvert et al., 1980b). The 
solubilised spectrin as well as spectrin on the native 
membrane undergoes the A transition at nearly the same 
temperature which indicates that the structural region of 
spectrin which unfolds in the A transition does not directly 
interact with the membrane (Brandts et al., 1977). Only band 
2 contains the site which binds the cytoskeleton to the 
plasma membrane (Calvert et al., 1980a). 
The heat treatment given above (Fig.32) could have 
resulted in partial unfolding and dissociation of the 
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spectrin dimer followed by eventual disappearance of the 
alpha-spectrin monomer due to proteolysis. An increase in the 
intensity of band of approximately Mr 50,000 in the heated 
samples substantiates this observation. However, since the 
incubations were performed in 5 mM Tris HCl pH 8.0 the 
possibility of spectrin elution cannot be excluded and it is 
not unlikely that both spectrin polypeptides are eluted under 
these conditions. The apparent exclusive loss of band 1 may 
be related to the presence of a non-spectrin protein/ 
glycoprotein of comparable Mr as band 2 of spectrin as 
discussed earlier. It is also not unlikely that exposure to 
40° for the indicated duration may cause fragmentation of 
goat rbc spectrin. Further studies are, however, essential 
to give a plausible explanation to this observation. 
SUMMARY 
15?^  
Goat erythrocyte calmodulin was purified to homogeneity 
from membrane-free hemolyzates. The procedure involved heat 
treatment and gel filtration chromatography on Sephadex G-
100. The protein was purified 431-fold with an yield of 
about 3056. The molecular weight of calmodulin as determined 
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
as well as by gel filtration chromatography were 15,500 and 
16,980 respectively. The Stokes' radius of calmodulin 
calculated from gel filtration data was 2.1 nm. Studies on 
the effect of calmodulin on various human red blood cell 
membrane ATPases showed that (Mg'^'^)-ATPase and (Na'^ '-K'^ '-Mg"'"'^ )-
ATPase remain unaffected while (Ca"'""'"-Mg'^ '^ )-ATPase undergoes 
about 3-fold stimulation. This suggested the specificity of 
calmodulin in activating (Ca"'"'"-Mg'^ '^  )-ATPase. The goat 
erythrocyte calmodulin stimulated (Ca''"'*"-Mg'*'"^)-ATPase of 
human, goat, rat, rabbit and pig red blood cell membrane. The 
stimulation (364%) was highest in case of rat membranes, 
although rabbit ghosts exhibited maximum basal (Ca'^ '*"-Mg'*"*")-
ATPase activity. Goat red blood cell membrane lacked 
significant (Ca'^ "^ -Mg"*"'*")-ATPase activity and the activity did 
not increase significantly in the presence of calmodulin. 
Calcium ions have been shown to stimulate (Ca'^ '^ '-Mg'^ '^ )-
ATPase and decrease the ATP levels in the intact human rbcs. 
Calcium loading of human and goat red blood cells was 
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achieved by incubating the cells with 0.2 mM CaCl2 in 
presence of the ionophore A23187. The ATP levels of human 
erythrocytes fell to about 10% of initial after 60 minutes of 
incubation with calcium and ionophore while no alteration in 
ATP levels was observed in case of goat erythrocytes. Under 
these conditions the calcium content of goat red blood cells 
increased 2-fold. The basal levels of ATP in goat 
erythrocytes were about 8-fold lower than that of the human 
erythrocytes. Sodium dodecyl sul phate-polyacry1 amide gel 
electrophoresis of membranes of calcium-treated human red 
blood cells showed a decrease in the intensity of band 3, 
bands 4.1 and 4.2. No such changes were observed in goat 
erythrocyte membrane. In the presence of sodium fluoride, ATP 
depletion was observed both in goat and human red blood 
eel Is. 
Normal human erythrocytes are characteristically 
biconcave discs while goat red blood cells are smaller in 
size and triangular and irregular in shape. Electron 
microscopy of human red blood cells treated with varying 
concentrations of calcium or with fluoride showed echinocytic 
transformation of the disc shaped erythrocytes. Goat 
erythrocytes, however, failed to undergo any shape change in 
response to calcium or fluoride treatment. 
The activity of (Ca'^ ''"-Mg"^ '*')-ATPase of goat, human and 
rat red blood cells loaded with 0.5mM CaCl2 for 1-6 hours was 
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determined. There was an initial stimulation of the enzyme 
activity followed by a decline in human and rat erythrocyte 
membranes. Goat membranes lack significant (Ca'*"'^ -Mg"''"*")-ATPase 
activity and incubation with calcium did not stimulate this 
activity. The initial stimulation and subsequent decline in 
(Ca''"'"-Mg''"'')-ATPase activity in response to calcium loading of 
human and rat rbcs was also observed in presence of 
calmodulin. Only a time-dependent decrease in (Ca -Mg )-
ATPase activity was observed when hemolysed human red blood 
cells were treated with calcium. In case of rat membranes 
there was a maximum stimulation of (Ca"^"*" -Mg )-ATPase at 2 
hours followed by rapid and nearly complete inhibition of the 
enzyme. Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis of membranes from calciurn-treated human and rat 
erythrocytes showed extensive p'roteolysis and crossl inking of 
membrane proteins while goat membrane polypeptides remained 
unaltered. Inclusion of exogenous calmodulin in the human 
hemolyzate had no effect on the calcium-induced changes in 
the activity of (Ca'^ +-Mg'*"'^ )-ATPase. Pretreatment of intact 
or hemolysed erythrocytes with methylamine also did not 
modify the effect of calcium on the ATPase. 
Preliminary studies were performed ory goat red blood 
cell spectrin. Spectrin dimers and tetramers were observed as 
in human erythrocytes by polyacrylamide gel electrophoresis in 
absence of sodium dodecyl sulphate. A high molecular weight 
]6J 
adduct was present in all cases. Sodium dodecyl sulphate-
polyacry1 amide gel electrophoresis profile showed the 
presence of spectrin bands 1 and 2 and actin together with 
traces of some other polypeptides. Diamide treatment of goat 
and human spectrin dimers and tetramers showed the formation 
of spectrin oligomers. Thus, goat red blood cell spectrin 
appears to be organised in almost the same way as in its 
human counterpart. 
Attempts were made to detect the presence of protease 
activity in goat red blood cell membrane and cytosol. 
Incubation of the goat erythrocyte membrane in buffers of 
acid, neutral and basic pH resulted in no significant 
degradation of the membrane polypeptides. No ATP-stimulated 
proteolysis of the membrane or cytosolic proteins could be 
observed even after long incubations. Protease activity in 
response to Ca, Mn, Zn, and Co was also not observed either 
in the membrane or the cytosol. Heating of membranes at 40° 
produced a time-dependent, apparent degradation of band 1 of 
spectrin with a corresponding increase in intensity of a band 
having an approximate Mr of 50,000. 
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Goat erythrocyte calmodulin is not abnormal 
Asma Zaidi, M Tariq Khan & M Saleemuddin* 
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Calmodulin was purified from goat erythrocyte hemolysate using heat treatment and Sephadex G-100 gel 
filtration chromatography. The molecular weight and Stokes, radius of the purified calmodulin was deter-
mined. The goat erythrocyte calmodulin stimulated (Ca^^-Mg^'^^ATPase but not (Mg^^)-ATPase and 
(Na *-K *-Mg^ ^ )-ATPase. The (Ca^ '^ -Mg^ "^)-ATPase of the erythrocyte membrane derived from human, 
rat, rabbit and pig were significantly stimulated. 
In healthy human erythrocytes, the concentration of 
ionized calcium is about \0"' M which is about a 
thousand-fold lower than that of the plasma'. The 
erythrocyte membrane associated calcium pump 
which in turn is dependent upon a Mg^ ^  dependent 
Ca^'' -activated ATPase (Ca^+-Mg^ ^ )-ATPase, that 
maintains the low intracellular Ca^ ^  concentration 
with remarkable efficiency at the expense of cellular 
ATP^. When the pump fails, as in sickle cells or in 
some heriditary metabolic diseases, the intracellular 
Ca^ + level rises significantly and triggers a number of 
processes^. Almost all senescent related alterations 
including alteration in shape"*', disturbances in 
phospholipid organization'^, increase in cell rigidity^, 
degradation of membrane glycopeptides*, 
peroxidation of lipids^ seem to be either directly or 
indirectly brought about by high Ca^ ^ levels. In view 
of its ability to deplete cellular ATP and induce 
oxidative stress, elevated Ca^ * level may cause 
aggregation of band 3 (ref 10, 11). Band 3 specific 
antibodies present in circulation preferentially 
recognise and opsonize such cells resulting in their 
uptake by the phagocytes'^. 
Adult goat erythrocytes have barely detectable 
(Ca^'^-Mg^^)-ATPase activity'^ and do not exhibit 
Ca^"^-mediated shape alterations"^. In addition, the 
goat erythrocytes do not show Ca^^-stimulated 
phosphorylation of the membrane like other 
mammalian erythrocytes". These cells, unlike those 
of humans, are also completely refractive to calcium 
and phosphate-induced fusion'*. It was 
demonstrated more recently from this laboratory 
that Ca^ * stimulated protease and transglutaminase 
activities are completely absent in adult goat 
erythrocytes'''. CalmoduUn is a ubiquitous calcium 
binding protein involved in a number of 
•Correspondent author 
calcium-mediated processes'*'^ including the 
activation of (Ca^^-Mg^^)-ATPase^", adenylate 
cyclase^', phosphodiesterase^^, and presumably 
transglutaminase^^. More recently, it was shown that 
calmoduhn protects (Ca^^-Mg^"^)-ATPase from 
degradation by various proteases including the 
erythrocyte calpain '^*. Low levels of erythrocyte 
calmodulin or the presence of abnormal/altered 
calmodulin may therefore lead to accelerated 
degradation of (Ca^"^-Mg^^)-ATPase. Attempts 
were therefore made,to investigate the properties of 
goat erythrocyte calmodulin. 
Materials and Methods 
Freshly collected blood was used in all the 
experiments. Blood from various animals was 
collected either by cardiac or venipuncture into 0.33 
vol. of acid citrate dextrose (ACD). Human blood in 
ACD was collected from apparently healthy donors. 
The erythrocytes were collected by centrifugation at 
1000 g for 10 min. Erythrocyte membrane was 
prepared by the method of Fairbanks et al.^^. The 
packed erythrocytes were washed thrice in isotonic 
NaCl and buffy coat was aspirated. The washed 
erythrocytes were hemolysed in ice-cold 5 mA/ 
Tris-acetate buffer, pH 7.4 and centrifuged at 12,000 g 
for 30 min in a refrigerated centrifuge. The 
supernatant was aspirated from the membrane pellet 
which was washed several times with same buffer. The 
resulting preparation was homogenous and 
comprised of intact erythrocyte ghosts. 
Calmodulin was purified from goat erythrocytes 
by hemolysing the washed cells in 20 mM Tris-acetate 
buffer, pH 7.4 in a ratio of 1:14. The resulting 
suspension was centrifuged and membrane pellet 
discarded. The membrane-free hemolysate was 
heated in a boiling water bath for 5 min. The 
coagulated protein was discarded and the clear 
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supernatant concentrated and loaded on a Sephadex 
G-lOO column prepared as recommended by 
Peterson and Sober^*. Calmodulin was eluted from 
the column using 20 mAfTris-acetate buffer, pH 7.4 at 
a flow rate of 25 ml/hr at 22°C. Protein content was 
determined by the method of Lowry et al}''. The 
fractions containing high calmodulin activity were 
subjected to SDS-PAGE as described by fairbanks et 
al}'. 
Erythrocyte membranes prepared as above were 
assayed at 37°C for ATPase activity as described by 
Raess and Vincenzi^^ with slight modifications. 
Assay medium contained in 2 ml; approximately 200 
|ig erythrocyte membrane protein; 18 mM 
Tris-acetate buffer, pH 7.4; 80 mM NaCl; 15 mM KCl; 
3 mM MgClz; 0.1 mM ouabain; 0.1 mM EGTA; 3 mM 
ATP; with or without added 0.2 mM CaCl2. For the 
assay of calmodulin, hemolysate or purified 
calmodulin was added to the assay mixture 
containing CaC^. The reaction was initiated by the 
addition of ATP. The mixture was incubated at 37°C 
for 1 hr after which the reaction was terminated by 
addition of 0.5 ml of 1.2 M PCA. The supernatant was 
assayed for inorganic phosphate (Pi) by the method 
of Fiske and Subbarow^^. Pi release was found to be 
linear with time and membrane protein. 
(Mg^"^)-ATPase activity was that activity found in 
the presence of EGTA and absence of added CaCl2. 
(Ca^ ^  -Mg} "^)-ATPase was defined as the additional 
ATP splitting observed upon the addition of CaCla. 
(Na "^  -K "^  -Mg^ *)-ATPase was the activity in absence 
of ouabain. Basal (Ca^ ^  -Mg^ '*')-ATPase activity was 
defined as that activity measured in the absence of 
added hemolysate or calmodulin and activated 
(Ca-^^-Mg^"^)-ATPase was that measured in 
presence of hemol^ ysate or calmodulin. The difference 
between basal and activated (Ca^ ^ -Mg^ *)-ATPase 
was taken as calmodulin activity. Activity of 
calmodulin was not completely linear with time or 
with increasing concentration^^. Goat erythrocyte 
calmodulin was assayed on the basis of its ability to 
stimulate human erythrocyte membrane 
(Ca '^*^-Mg^^)-ATPase in view of the lack of 
significant activity jn goat erythrocytes'^. 
Results and Discussion 
The concentration of calmodulin present in goat 
erythrocyte was found to be about 50% as compared 
to that of the human erythrocytes. Goat erythrocyte 
calmodulin was purified by heat treatment followed 
by Sephadex G-lOO gel filtration chromatography. 
The high thermal stability of goat erythrocyte 
calmodulin observed in the present study is 
comparable with that of pig erythrocytes^", and 
bovine brain^'. Fig. 1 shows the elution profile of 
calmodulin on Sephadex G-100 column. There was 
present a major and a minor protein peak and only the 
latter contained calmodulin activity. The 
purification of calmodulin is summarized in Table 1. 
As shown, the protein was purified 431-fold with an 
yield of about 30%. The preparation migrated as a 
single band in SDS-PAGE. The molecular weight of 
calmodulin was determined by SDS-PAGE. Marker 
proteins and purified calmodulin were run under 
identical conditions on 15% polyacrylamide gels 
(Fig. 2). The molecular weight of calmodulin as 
calculated from its mobility by the procedure 
reported by Weber and Osbom^^ was 15,500. 
Molecular weight of calmodulin was also determined 
by gel filtration chromatography on Sephadex G-100 
and was found to be 16,980. Molecular weight of 
^8 56 W" 72 
fraction number 
Fig. 1—Sephadex G-lOO gel filtration. Supernatant of heat 
treated hemolysate was concentrated and applied on a Sephadex 
G-lOO column (2 x 70 cm) previously equilibrated with 20 mM 
Tris-acetate buffer, pH 7.4. The column was eluted with same 
buffer and 5 ml fractions were collected. All fractions were assayed 
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calmodulin determined m this study is in agreement 
with the earlier reported values. The molecular 
weight of bovine brain calmodulin based upon its 
amino acid sequence is 16,700 (ref. 35), while that based 
on sedimentation equilibrium data is 18,700 (ref. 19). 
SDS-PAGE conducted by Klee et al?^ suggested a 
molecular weight of 16,500. The Stokes' radius of 
calmodulin as determined by the method of Laurent 
and Killander^* using gel filti:ation data was found 
out to be 2.1 nm which is identical with that of the 






Fig 2—SDS-PAGE of purified cdlmodulin Protein sample 
containing about 10 \xg of purified calmodulin was applied to an 
SDS-PAGE plate (15%) and electrophoresis was performed 
Molecular weight protein markers comigrating in lane 1 on 
gel are. 1, bovine serum albumin, Mr 66,000, 2, ovalbumin, Mr 
45,000, 3, glyceraldehyde-3-phosphate dehydrogenase, Mr 
36,000, 4, carbonic anhydrase, Mr 29,000, 5, trypsinogen, Mr 
24,000, 6, trypsin inhibitor, Mr 21,000, 7, a-kctalbumm, Mr 
14,200 Lane 2 contained purified calmodulin 
Fig 3—Molecular weight determination of calmodulin by 
SDS-PAGE The conditions ot electrophoresis and protem 
markers indicated by the number m the figure are described in the 
legend to Fig 2 
human erythrocyte calmodulin. This implies that 
both the molecular weight and shape of the 
calmodulin molecule from goat is identical with that 
of human erythrocyte calmodulin. 
Effect of the punfied calmodulin on various human 
erythrocyte membrane ATPase was studied. While 
no significant change was seen in the activity of 
(Mg2 + )-ATPase, and (Na^-K^-Mg^^)-ATPase, 
(Ca^^-Mg^"^)-ATPase was stimulated about 3-fold 
when calmodulin was included in the assay mixture as 
shown in Table 2. Bond and Clough^" in their very 
early studies reported that human erythrocyte 
hemolysate containing calmodulin was unable to 
stimulate (Mg^^)-ATPase and (Na^-R-'-Mg^-')-
ATPase. They showed that calmoduhn specifically sti-
mulates (Ca^"^-Mg^"^)-ATPase. Similar results were 
obtained by Halloran et al.^'' on rat erythrocyte 
membrane. The membrane (Ca^^-Mg^^)-ATPase 
present in adult erythrocytes obtained from various 
mammalian sources was stimulated in the presence of 
purified goat erythrocyte calmodulin The degree of 
stimulation observed was, however, not identical as 
shown in Table 3. As reported earlier'^, goat 
erythrocyte membranes contain barely detectable 
(Ca^ ^  -Mg^ ^ )-ATPase activity and goat erythrocyte 
calmodulin caused no significant increase in the 
Table 2—Effect of calmodulin on various human erythrocyte 
membrane ATPases 
ATPase specific activity (Units)* 

















(Ca2 + -Mg2*)-ATPase 
50 ng of punfied calmodulin used to observe stimulation Each 
value represents the mean of two independent experiments 
performed in duplicates 
*Unit nmole Pi/mg membrane protein min 
Table 3 - Effect of calmodulin on activity of erythrocyte 
membrane (Ca'*-Mg^*)-ATPase of various mammals 



























Each value represents mean of two closely agreeing, independent 
experiments performed in duplicates 
*Unit nmole Pi/mg membrane protein/min 
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activity of this enzyme. Other mammalian 
erythrocyte membranes showed considerable 
(Ca^"-Mg2"^)-ATPase activity which was 
significantly stimulated by calmodulin. It is of 
interest to point out that the new born goat/ 
sheep erythrocytes contain significant 
(Ca2"^-Mg^^)-ATPase activity and exhibit 
significant Ca^ ^ -dependent shape changes''*. 
Evidently, the Ca^^-dependent processes are lost 
during the maturation of the animal The present 
study shows that adult goat erythrocytes, in spite of 
being deficient in many calcium dependent processes, 
contain calmodulin that is almost indistinguishable 
from that obtained from other mammalian sources. 
Preliminary studies also indicated that goat 
erythrocyte calmodulin binds 4 atoms of calcium per 
molecule,. Absence of significant 
(Ca2'^-Mg^^)-ATPase activity in goat erythrocytes 
may not be, therefore, the result of lack of activation 
or protection against proteolysis of the enzyme by 
calmodulin^*. 
Calmodulin is a highly conserved protein and the 
sequence of the protein isolated from various 
mammalian source is identical except for some 
discrepencies in the amide rearrangement^*. Earlier 
studies however, indicate that adult cow erythrocytes 
are deficient in the (Ca^ + -Mg^ + )-ATPase^«. Luthf a 
et al.*^' have, however, observed that the erythrocyte 
(Ca^ "^  -Mg^ '^)-ATPase activator of the new born and 
adult cows are identical in their ability to activate the 
enzyme from various sources. These studies were 
performed with a crude preparation and restricted to 
the (Ca^*-Mg^'^)-ATPase activation. In a more 
recent study, Hinds and Vincenzi*' demonstrated 
using the calcium ionophore A23187 that dog 
erythrocytes contain adequate calmodulin activable 
(Ca2 + -Mg2 + )-ATPase. The apparent lack of the 
(Ca2^-Mg^^)-ATPase activity and lack of 
calmodulin activation reported earlier*^ were 
attributed by the authors to the inactivation of the 
enzyme during ghost preparation. While similar 
information is not available on goat erythrocyte 
(Ca '^^ -Mg^"* )^-ATPase, stimulation of Ca-dependent 
transglutaminase and proteinase cannot be detected 
in these cells even after increasing the intracellular 
Ca^* concentration of intact cells with the help of 
calcium ionosphere^''. 
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